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PREFACE TO THE 
SECOND EDITION 


In this second edition changes have been made in the text both 
by addition and deletion, and by some rearrangement. Fundamen- 
tally, as in the previous edition, the book consists of two parts: first, 
a consideration of the materials of the earth’s outer portion, their 
constituents, arrangements, properties, and representation; next, a 
consideration of the geologic processes that act on the works of man 
as well as on natural materials. This primary organization has been 
helpful to the student as well as useful in teaching. No sequence of 
chapters in any text is ever satisfactory in all respects to any in- 
structor, even to the author. To us, however, it has seemed logical 
to start with minerals and follow with igneous activity, weather the 
products, derive the sediments, follow the deformation and meta- 
morphism of the rocks, and then discuss the held methods and geo- 
logic maps that aid thes'e studies. It is helpful in understanding a 
geologic map and many geologic reports if a little geologic history 
is a part of the background. The work of surface agents then follows. 

In the present edition some of the fundamentals of soils me- 
chanics are introduced in Chapter VI, which is substantially ilew. 
This offers a background for student engineers, whose subsequet^t 
training should include more than a superheial acquaintance with 
that held if they are to qualify as foundation engineers. There is no 
short cut to engineering competence. We have found that the geo- 
logic principles of rock and soil behavior presented heit have served 
the student engineer well in subsequent studies and practice. 

J.M.T. 
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PREFACE TO THE FIRST 
EDITION 


The purpose of this book is to present certain fundamentals of 
geology to the engineering student, who will very likely be con- 
fronted with various geologic problems early in his professional ap- 
prenticeship. It is hoped that this presentation will enable the 
engineer himself to employ his knowledge of geology as a tool, as 
well as io use the geological investigations of others. 

The engineering student who approaches geology for the first 
time, fresh from courses in physics, mechanics, and surveying where 
data are quantitative and results are precise, is often surprised and 
repelled by the necessarily meagre quantitative data and qualitative 
approach. This is an altogether healthy and natural attitude. Al- 
though some phases of geology have been rigorously treated for 
years, in many phases the science is only now at the beginning of 
the quantitative stage. Nature has imparted limits that can be ap- 
preciated best in the field. Geological structures were not designed 
by handbook and slide rule; heterogeneity cf material and slope, of 
composition, structure, and water content, of strength, hardness, 
and solubility, and of many other elements prevails— heterogeneity 
tnat precludes mathematical analysis or rigorously quantitative treat- 
ment of some phases. 

Many engineering projects require the services of one or several 
professional geologists who are specialists in the particular part of 
geology in question. These men a'-e consultants who assume no re- 
sponsibility for the final success or failure of a project; that respon- 
sibility rests on the engineer in charge. The consultant’s job is to 
present geological data bearing on a particular problem or series of 
problems clearly, fully, specifically, and quantitatively within the 
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limits set by tlie employer and those set by nature. The engineer 
wants numbers representing answers to certain definite questions. 
A false sense of security and mastery of matter is sometimes the re- 
sult of assumptions of numerical data or from extension of numer- 
ical data to unwarrapted applications. An assumption may be 
concealed by mathematical transformations or obscured by constant 
repetition. However, the engineer must have, find, or assume satis- 
factory quantitative answers tor many problems. And in the process 
of arriving at them he has made valuable contributions to geological 
knowledge. The science of geology, nevertheless, even where qual- 
itative, may serve the engineer well and, while receiving much from 
engineering practice, gives much to the practicing engineer. 

J.M.T. 
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CHAPTER I 


GEOLOGY AND ENCfNEERING 


E VFR sSlNCK MAN IN I HP DIM A(,l S OF PREHISrORIC TIME 

first practiced tfic aits of engineering, he lias been confronted 
witli problems ol inatciial and plot ess. By i\(‘ lime human progress 
had readied that evolutionaiy height called “civilization”, man had 
begun to build smutuics; he had become in fact and in deed an 
engineer. Experience taught him much, and empirical engineering 
was far in advance of theoretic «il scieiue for generations. However, 
in modern times the civil engineer lelies less upon rule of thumb 
and diavvs incieasingly from the v^arious scientes. Whereas there 
are those, whose minds turn ever backwaid in nnie, to whom the arts, 
crafts, and cngmceiing skills ol ancient peoples conslilute unsur- 
passed wondeis, the lealist recognizes that today's feats of engineer- 
ing are as far in advance of those magnificent ^^Iuctules ot antiquity 
as the “mechanical biain” is in advance ol the bacus, not to detract 
in the least from the latter admirable instrument nor from those 
early^stiuctures. 

In modern engineering, safety factois havA? been i educed; innova- 
tions of all kinds--ol mateiials, of methods, of function— have been 
introduced; and tlie scales of size, weight, and use have been multi- 
plied many fold according with the advances of technology. No 
structure, however, is better than its foundation or than the material 
it is made of; indeed, the majority of modern faihnes are those due 
in some measure to underlying geological causes. With recognition 
of these causes of failure, and because of the responsibility inherent 
in large-scale construction, which by the building of a single large 
dam, for example, may entail hundreds of lives and hundreds of 
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thousands of dollars worth of property, the use of geology as a tool 
or engineering has become an integral part of modern engineering 
practice. 

In a competitive economy good engineering is not creating the 
best possible stnuture; good engineering is making the most econo- 
mical structure that will satisfactorily fulfill its purjrcjse. In the in- 
terests of economy, therefore, as well as salety, mote and more use 
is made of geological .skills: in the investigation of sites: in the search 
for corrstruction materials; during construction; and in some types 
of engineering, continuing through operation and maintenance. 
Illustrations of economy in construction made by virtue of geological 
examinations are commonplace today. A few examples will illustrate 
the point. The decision to leave unlined a in-milc stretch of the 
Friant-Kei'n Canal, based on knowledge of the under lying rcKk, saved 
an estimated $2,000,000,’ At Kortes Dam, Wyoming, it was con- 
sidered that no local sand and gravel suitable Icrr concrete was to be 
found. A geological examination revealed a siritable source close 
by,* On a county road job in Maine several years ago a crew of forty 
men, four trucks, and a shovel operator were kejjt idle for half a 
day while the engineer in charge tore wildly around with a test-pit 
crew trying to locate a new gravel bank— the shovel had been set 
into a bedrock ridge; the new spot selected for operation proved 
to be the same. In one state, a soils specialist conducted a material 
survey for a 20-mile stretch of cone rete highway. His boast was that 
every slope within 10 miles of the job was test-pitted. He overlooked 
some "flats" of glacial outwash. Evidently even on small jobs econ- 
omies are possible if geology can be applied at the right time a^id 
place. 


Use of Geolcxucal Training for the Engineer 

The civil engineer meets a variety of problems in which geologi- 
cal training is of service. Inevitably he will learn more geology in 

* Rhoades, R., and Irwin, W. H., "What the Engineering Geologist Does,” 
Eng. News Record, Vol. 139, 1947, p. 528. 

^Ibid. 
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the field and in practice than can be taught in classroom or college 
laboratory. But he will learn it more quickly and apply it more 
effectively if his engineering course has included the basic principles 
of geology. Several specific advantages of this training are singled 
out for particular mention. 

First; it gives him a systematic knowledge of materials, their 
occurrence and properties. Although every contractor or engineer 
who deals with rock or soil gains this knowledge the hard way by 
experience, the path is smoother and straighter for the young en- 
gineer who has studied them under professional guidance. The 
sources, types, and characteristics of geological materials therefore 
aie geological fundamentals for engineers. 

Second: foundation problems are directly geological. Buildings, 
bridg'’s. dams, highways, and other structures are built on or in some 
natural material. 

Third: excavation, whether open or underground, can be more 
intelligently planned, directed, and more safely carried out if cog- 
nizance is taken of the type and s'ructure of the material to be re- 
moved. 

Fourth: a knowledge of groundwater occurrence and the elements 
of groundwater hydrology is helpful in many branches of engineering 
practice: in sanitary engineering, water supp’’, land drainage, irriga- 
tion, excavation, control of landiilide, and ma»’y other works. 

Fifth: a knowledge of surface waters, their methods of erosion, 
transportation, and deposition, is essential for river control, coastal 
and harlmr works, soil conservation, and other projects. 

^ Sixth; the ability to read and interpret geologic reports, geologic 
and topographic maps, and photographs is of ''.ssistance in planning 
most projects. The nature and distribution of soil and bedrexk types 
and structures can often be deduced su>.cessfully from the topo- 
graphic map or aerial photograph. A good geologic map can be 
translated into a three-dimensional picture or model of the area. 
Ability to interpret geologic maps is essential, also, to the compre- 
hension of geologic reports. 

Seven til : an ability to recognize the nature of geologic problems 
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as thc 7 arc encountered and to single out those which rctjuuc a 
specialists study is a valuable asset; and a familiamy with the con- 
cepts of geology and with the technical language that often obscures 
them is likewise often ol value. 

Not all of these advantages will be realized from any program of 
formal study. Many Experienced contractors and engineers seem 
almost intuitively to recognize and soKe the simpler geologic prob- 
lems. Others of equal expeiience and added study never seem to 
assimilate or apply simple geological principles. For the majority, 
however, who fall into intermediate classes, geology will be a useful 
tool. 


References 

The following references for this chaptei and those at the ends ol 
succeeding chapters are selected both for content and general asailabihtv 
The textbooks cited aie standaid, and the few peiiodical articles listed 
arc of outstanding interest and value to engineer and geologist alike. 
The bcx)ks and articles recommended contain man) icfeiences to source 
material. For other sources of geologic information sec Apjiendix 1. 
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CHAPTER II 


MINERALS 


M any problems of fnginh'ring praciice relate to 
rotks or soil. Inasmuch as both aie largely or wholly com- 
posed of minerals, some lamiliarity witli t le common minerals is 
a prerequisite to the successful study of earth materials. 

Rocks and Mimrals 

In the held, a variety of materials are observed, some of which 
are classed as rocks and some of which are classed as minerals. Al- 
though these two are sometimes confused, they are easily differen- 
tiated. To the geologist, the sand found at the bottom of a stream 
or along the shore of sea or lake is rock. In ordinary conversation, 
however, the term rock is generally restricted to those substances 
which are hrm and coherent. If a handful of beach sand is carefully 
examined, it will be noted that it is compost'd of a variety of in- 
dividual grains, many of which may be white, but some of which 
may«be black, red, or other color. If a careful count were made of 
the different individual types of grains represented, a formula for 
tife handful of material could be written. Another handful from a 
different IcKality, on careful analysis, might show quite different 
proportions of the several kinds of sand grains. In spite of the dif- 
ferences, because of similarity of origin and mechanical make-up, 
the cemented equivalents of such sands, even though they differ con- 
siderably in the proportions of the black, white, and colored grains, 
are called sandstone. Careful examination of various rocks picked 
up at different places shows that they, like the sands, are composed 
of different mineral constituents. The proportions, manner of asso- 
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elation, way in which the different constituents were brought to- 
gether, and the resulting texture serve as bases for the classification 
of rocks. It can be seen from the above that no satisfactory chemical 
formula could be written for rock types, as locks going under the 

same name show rather wide variations. If, however, from a handful 
0 

of sand, one particular ihineral grain were isolated and analyzed, it 
would be found essentially the same as any other similarly identified 
grain from anywhere else in the world. 

The difference between rocks and minerals might be expressed 
in another way. Buildings are made of wood, nails, bricks, mortar, 
steel, and other materials of construction. The proportions of the 
types of material going into the building, the manner of combining 
them, the style of architecture, and similar factors give rise to dif- 
ferent types of buildings. The bricks of a factory and of a residence, 
however, are similar; oak may floor a palace or a garage. It is possible 
to build a house entirely of wood. In the analogy, the building is 
comparable to a rock; the individual constituents comparable to 
minerals. Most rocks arc made up of several varieties of minerals, 
but some are composed, as was the completely wooden house, of only 
one kind of material or mineral. 

The Nature of Minerals 

Through the tools of physics and chemistry much has been 
learned about the nature of minerals. Most minerals are crystal- 
line; that is, they are systematic arrangements of atoms or ions. The 
packing and bonding of these units determine the characters of £ie 
resulting mineral. 

. The atom, as generally pictured to-day, consists of a positively 
charged nucleus, which is one or more positively charged protons 
together with one or more electrically neutral neutrons, surrounded 
by negatively charged particles of approximately the same size as the 
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nucleus, the electrons. The nucleus contains nearly all the mass of 
the atom but occupies less than one million-millionth (10-“) of 
the volume of the atom. The electrons are distributed in “shells” 
about the nucleus, in a maximum of seven energy-level shells. 

Ions are atoms that have gained an electron, anions; or atoms 
that have lost an electron, cations. Consid^ed as spheres, different 
kinds of ions and atoms have radii of different lengths. For example, 
a sodium ion has an ionic radius of .98 A (angstrom unit = 10-* cm); 
a potassium ion has an ionic radius of 1.33 A, and a calcium ion, 
1.06A. Thus calcium (with two electrons in the outer shell) can 
replace or proxy for sodium (with one electron in the outer shell) in 
all proportions in the crystal structure of piagioclase feldspar, if the 
electrical balance is maintained by concomitant substitutions of 
aluminum (three electrons in the outer shell) for silicon (with four 
electrons). But potassium, with its much larger ionic radius, can 
enter into the structure of plagioclase to only a limited extent. 

In fact very tew minerals contain only ceitain elements in definite 
fixed proportiiHis. Most mineral contain “foreign” atoms or ions 
that are able to fit into the strut turc. And most minerals belong to 
a series in which one or more elements are proxied for or replaced 
by certain other elements, to a varying extent which maintains the 
structure and electrical balance of the crystal. 

As is proved by research with X-rays, cl\^talline materials are 
orderly arrangements of atoms or ions. The structure of a cubic 
mineral, halite (nxk salt, NaCl), is shown diagrammatically in Fig. 
2-1. This is an ionic crystal in which electrostatic attraction between 
the anions and cations holds the ions in relative position. The cubic 
symmetry of the ionic arrangement also gives a direction of easy 
splitting (mineral cleavage) parallel to the cube faces of this mineral. 
Many ionic crystals arc known. 

Perhaps more abundant than ionic crystals are minerals whose 
atoms are bonded by the sharing of an electron pair between nuclei, 
the covalent bond. The common mineral quartz, for example, is 
made up of a silicon atom surrounded by four oxygen atoms, with 
each oxygen atom shared between two silicon atoms; the tetrahedral 
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groups ate linked hv ha\tng (oininon eoinets Situc a siluon atom 
has a hiill shaie oi taih oi the font siiitounding oxygen atoms, tiie 



fir 2 I The 'itructuie of halite— in example 
of ionic metals 


ratio, SiQ_„ gives the t (imposition of (juartr Anotlicr txamplo of a 
mineral with covalent bonds is the diamond, ((insisting of cat bon 
atoms Ea(h carbon atom, with four electrons missing fiom a com- 
pleted octet, forms cosalent bonds with eadi of four neighboiitig 
atoms, thus each carbon atom occupies the center of gravity of a 
tetrahedron of four carbon atoms at the coiners With this anange- 
ment it is easy to see why diamond is so hard If diamond is pressed 
against another ariangcment of atoms less secuicly bonded, the other 
arrangement must yield. The model (Fig 2-2a) may be viewed also 
as made up of layers of atoms parallel to the base, or as parallel to 
any of the other three sides. Inasmuch as cleavage (sm(Kith parting) 
in a mineral cKcurs parallel with planes in which the atoms are 
closely packed together and normal to which the distance between 
atomic layers is relatively great (see Fig 2-2a), hardness and other 
physical properties of the crystal depend on its internal structure and 
Ixinding of the atoms or ions. The ( ontrasting properties of diamond 
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and giaphitc, both made ol tiu ont dement eaibon usiilt from 
the different arrangements of the carbon atoms as shown in Fig 2 2 


MiM-RU iDFMiriCAlION 

By definition, rocks an aggregates composed of one or, more 
commonly, several vanetus of minerals There are a few exceptions 
to this rule not all rocks arc composed of inmcrals— for example, 
coal 

Minerals, howevei, are naturally occurring inorganic substances 
of vgore or less definite chemual composition, displaying more or 
less definite physical properties They can be readily identified by 
th*eii physical oi chemical properties, the vaiiaiions in these prop- 
erties falling within lather narrow limits Ot the*sc two sets of 
properties, the more easily determined in the field oi oflicc are the 
physical propel ties Identification of the minerals by means of the 
tables of Appendix III depends i non the determination of 

1 ( olor and streak 

2 CU avage and fracture 

S Hardness 
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4. Luster 

5. Strticture 

Other physical characteristics of lesser importance in the identi- 
fication of most minerals are crystal form, specific gravity, and mag- 
netism. In addition, ^cKociations of other minerals and type of 
occurrence are often helpful. 

Color. The color of a mineral, as shown in the bulk material, is 
often of assistance in its identification. There are two types of color 
shown by minerals. The first of these, inherent color, due to the 
composition of the mineral and the airangement of the constituent 
atoms, is characteristic of the mineral and t an be used with more or 
less success in limiting the possibilities in identification. The tom- 
mon mineral pyrite (fool’s gold) is brassy yellow; galena (lead sidfide) 
is steely gray. These colors arc inherent and always are shown by the 
fresh material. The sectjnd type of color is exotic, in that it depends 
on the presence of impurities or on fracturing in the material. 
Quartz, for example, is inherently colorless, but it is sometimes rosy, 
smoky, or milky. Calcite is inherently colorless. It is commonly 
whitish or yellowish, but often buff and sometimes pinkish or bluish. 
Many other examples.could be given. In using color for purposes of 
identification, then, some reservations must be made. The property 
of color in conjunctitm with other properties is useful, however, and 
variations due to exotic pigmentation are in general indicated in 
tables for the identification of minerals. « 

Streak. More characteristic than color and hence of more use in 
mineral identification is the color of the mineral in powdered form. 
This powder is readily obtained by crushing the mineral to a fine 
powder or by marking on some hard, slightly roughened surface. 
It is generally convenient to have a white surface to mark on; the 
unglazed portion on the back of a tile, a piece of chert, or, less satis- 
factorily, a piece of feldspar will serve. Such materials used for 
determining the streak are called “ttreak plates.” The streak of 
chalk, for example, is white; and the marks left by chalk on a black- 
board are the streaks of chalk. Hematite is another good example. 
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This mineral^thc common terric oxide, may be red, black, or steely 
gray; the streak is always a reddish-brown. In taking the streak of 
micaceous minerals, stales may come off too large in size to give the 
characteristic color of the mineral in powder. Thus, in taking the 
streak of biotite, scales of the mica may give the impression that 
the streak is much darker than it actually (s' In taking the streak of 
an oxidized or rusty specimen, care should be taken to get the streak 
of the fresh mineral, not the streak oi a coating of limonite, hema- 
tite, or other altered portion. 

If the mineral is harder than the streak plate, it will be necessary 
to powder the mineral other than by means of a streak plate. The 
great majority of the harder minerals have pale streaks. For example, 
although the color of tourmaline is rarely white, being sometimes 
pink T green and often black, the powder is always light or colorless. 

Cleavage, The cleavage of the mineral is its capac ity to split more 
readily in certain directions than in others, due to the arrangement 
of the atoms. Some minerals such as the common micas have perfect 
cleavage in one direction. Mica can be scaled into rcimrkably thin 
elastic sheets parallel to the direction of cleavage; in all other di- 
rections the mineral breaks very irregularly. A consideration of the 
crystal structure of mica explains this property. The micas are made 
up of sheets of Si 04 tetrahedrons. These S’-O bonds are among 
the strongest in minerals. Three of the four o.vygen ions are shared 
with neighboring tetrahedrons. The tetrahedrons lie alternately base 
to Base and vertex to vertex and are held together by the relatively 
weaker oxygen-cation bond. The Si-O bonds are in the plane of the 
sheet; hence the relatively slight hardness and flexibility of the cleav- 
age flakes, and the perfection of the cleavage. 

Other minerals have the property of cleaving in two directions. 
The feldspars, which are the most abundant of all minerals, have 
two cleavages nearly or exactly right asigles to each other. Other 
minerals have more than two directions of easy parting. Ordinary 
salt, for example, has three cleavages at right angles to one another. 
This can be verified by taking a pinch of salt from a salt shaker and 
examining it under a niagnifying glass. 
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Not only the number of cleavages but also the perfection of 
( leavages should be noted. For example, the feldspars show smooth 
shiny surfaces from the breaks along cleavage planes; but one of the 
diiections of cleavage is a little easier than the other, although 
neither is nearly as perfect as the cleavage of mica. In minerals 
which show more than one cleavage, the angular relation of the 
cleavage planes should be noted. As has been mentioned, the min- 
eral feldspar shows two cleavages nearly or exactly at right angles to 
each other. Hornblende, a common mineral generally black or some 
shade of green, has two cleavages making angles of 56° and 124°. 
Atigite closely resembles hornblende in color, stieak. and hardness, 
but has two cleavages nearly at right angles to each other as shown in 
Fig. 2-3. 




Fig. 2'5. The structure of pyroxene (aug> 
ite). (After Leet and Judson) 
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Some minerals show no cleavage directions at all. Quartz is the 
most common example of this class. Other minerals may have good 
cleavage or fair cleavage; but its presence may be diflicult to detect 
without the aid of the microsc ope bee ause of the mode of occurrence 
of the material, as for example in granular aggregates. The common 
mineral olivine is an example of cleavage Jifticult to detect in hand 
specimens because of the gtanular character of the material. Small 
grains aggregated into a rock may show shiny cleavage faces, but 
the number and angular relations ol the cleavages may be impossible 
to determine without the aid of higher magnifications than are 
ordinarily available. 

Cleavage is best dcteimined by holding the specimen up to the 
light and slightly rotating it in various directions so as to catch the 
light on the cleavage surfaces, which reflect brilliantly like little 
miirors. It should be remembered that cleavage is a direction and 
that cleavability depends upon the presence of closely spaced parallel 
planes of easy paiiing; hence, it one clea\age plane is discewered, 
others in parallel position should also be discovered. Mica, for ex- 
ample, has innumerable parallel planes of easy parting, but it is 
said to have cuily one perfect cleavage. Wy catching the light on the 
cleavage* plane of a mineral showing more than one cleavage, and 
rotating the specimen until anotln'r cleavage pi me catches the light, 
the angular relation between the trvo cleavagc‘> may be estimated. 

Some minerals have a mechanically induced parting, not due to 
atonfic arrangement, which may be mistaken for cleavage. Gener- 
ally, these surfaces of parting are not as smooth as cleavage surfaces, 
and commonly they are not as closely spaced as cleavages. Beginners 
frequently have difficulty in picking out cleavage or recognizing its 
presence. The ability to recognize cleavage grows with practice. 

Fracture. The fracture of a mineral is the way the mineral 
breaks. In some instances, this characteristic may be useful, although 
the majority of minerals break irregularly in directions other than 
cleavage or parting. One special type of fracture— the conchoidal, 
or shell-like, fracture-leaves the specimen with smooth, somewhat 
rounded surfaces marked with concentric rings, giving a resemblance 
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to a clam or oyster shell; hence the expression conchoidal fracture. 
Another type gives splinters of the mineral material; hence the ex- 
pression splintery fracture. Quartz shows conchoidal fracture under 
some conditions, and hornblende tends to have a splintery fracture. 

Hardness. The hardness of a mineral, as commonly determined 
on fresh material, is me<tsured by its ability to resist scratching. If 
a mineral is scratched by a knife, it is softer than the knife. If it 
cannot be scratched by the knife, the two are of equal hardness oi 
the mineral 1% the harder. If the knife is scratched by the mineral, 
the mineral is the harder. In order to have a standard method of 
expressing hardness of minerals, a simple scale, known as the Mohs 
scale, has been universally adopted. In sequence of increasing hard- 
ness from 1 to 10, the following minerals are used as standards of 
comparison: 

1. Talc 

2. Gypsum 

3. Calcite 

4. Fluorite 

5. Apatite 

Calcite. quartz, or feldspar (orthcKlase) can usually be picked up 
in the field, in gravel pits or from ledges. However, there is always 
available a knife, coin, piece of glass, or key to use as a measure of 
relative hardness; and it is a simple matter to determine the hardness 
of one of these objects and use it as a hardness scale. A copper coin, 
for example, has a hardness of about 3. Window glass has a hardness 
of about 5. It is used as a standard in the accompanying identifica- 
tion tables because it is easy to determine whether or not a mineral 
specimen will scratch a smooth glass surface. A knife blade, depend- 
ing on the quality of the steel, has a hardness of between 5 and 

With a little experience, the approximate hardness of a mineral 
can be estimated with the knife blade alone. The ease or difficulty 
with which the mineral is scratched measures the degree of hardness. 
The half-marks between the numbers of the hardness scale are esti- 


6. Orthoclase (Feldspar) 

7. Quartz 

8. Topaz 

9. Corundum 
10. Diamond 
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mated. The thumbnail, for example, readily scratches gypsum, and 
generally fails to scratch caUitc; hence is estimated at 2i/>. Some 
individuals have hauler nails and can stiatch rakite. The scale 
of hardness is not a mathematical pu^giession. C^ypsum is not ex- 
actly twice as hard as talc, lor example: nor is fluorite exactly twice 
as hard as gypsum. It is said that diamoncr, haidest of substances 
and 10 in the Mohs sc'ale, is as much hatder than corundum as 
corundum is harder than talc. It should he remembered that fresh 
material must be used to deteimine haulness. 

Luster. Luster is the appeaiance of the mincial in ordinary light 
(the appearance due to the light leflecied firim its surface). It j;he 
mineral looks like metal as do galena and polite, its luster is said to 
be metallic. If the mineral looks glassy, like cpiartz, its luster is 
vitrroHS or glassy. Other mineials aie dull or earthy in appearance, 
as kaolin; silky in appearance, as satinspar (a form of gypsum); or 
greasy looking, as nepheline. Pearly sheen c^i luster is shown by some 
minerals, as for example some lorms of talc. All minerals with metal- 
lic luster show a dark streak. 

Structure. Some minerals are granular, as, lor example, olivine; 
others are bladed, as kyanite; or fibrous, as chiysotile. Some are 
botryoidaj, as, for example, some forms ot hematite, which occur as 
rounded masses and in appearance are soiiu what like bunches of 
grapes grown together. Many occ ur as crystalline masses whose struc- 
ture is not apparent. The teims are descriptive. 

Other Characteristics. Although the preceding physical prop- 
erties generally suffice to identify a mineral, it is frequently irseful 
and sometimes necessary to determine additional characteristics. 
Crystal form, specific gravity, degree of magnetism, and association 
with other minerals are auxiliary and sometimes diagnostic aids to 
correct identification. 

Crystal Form. Internal atomic arrangement in definite geometric 
patterns is sometimes outwardly expressed in crystal form. The vari- 
ous forms can be referred to six crystal systems, according to the 
position of the axes which are imagined as the skeleton on which the 
crystal is built. Quartz, for example, commonly occurs as a six-sided 
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prism, generally terminated by a six-sided pyramid. Pyiitc occurs 
commonly as cubic crystals, often with striated surfaces. Garnet 
commonly occurs in dodecahedrons. In rotks, owing to the fact 
that several minerals have generally crystalli^ed at the same time 
and contended with each other for space, crystal form is rarely dis- 
cernible in the mineials. The quartz of a gianitc, lor example, does 
not take on the characteristic crystal outline of that mineial but 
appears as irregular grains. However, this lack of extcinal crystal 
form docs not imply that internal crystalline airangement of the 
constituent atoms is lacking: it simply means that dining crystalliza- 
tion, conditions were unfavorable to the growth of legular crystals. 

Specific Gravity. By specific gravity is meant the weight of a sub- 
stance compared with the weight of an equal volume of water. Thus 
a cubic inch of quartz weighs 2.65 times as much as a cubic inch of 
water. The specific gravity of quartz is 2.65. .Some minerals are 
relatively light, some are very heavy. Thus barite, the sulfate of 
barium, is heavy, and this weight is sufficiently noticeable to give a 
clue to its identity. Other minetals, such as galena, are also heavy 
and suggest immediately certain possibilities, eliminating otheis. 
Because the great majority of minerals, however, fall within the 
range of 2.55 to 3.2,. specific gravity, unless deter mined accurately 
in the laboratory, is of little assistance in identifying hand spc'cimens. 

Magnetism. A few minerals are attrac ted by a magnet. Of these 
minerals, magnetite and pyrrhotite are the most common examples. 
Some geologists magnetize a knife blade and thus have a weak mA^gnet 
with them in the field. 

Association. The assex-iation of certain mineral species is sug- 
gestive. For example, a rather peculiar igneous rock known as litrh- 
fieldite, a variety of syenite, has blue sodalite, yellow cancrinite, 
nepheline, and zircon in addition to the more abundant feldspar 
and a black mica*. The presence of the easily recognized sodalite 
and yellow cancrinite suggests the presence of nepheline and the 
absence of quartz. The fact that scxlalite, cancrinite, and nepheline 
are low-silica minerals indicates that there was not enough silica 
in the magma (melted rock solution) to form quartz. Olivine is 
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another mineral that docs not occur commonly with quartz; and 
although quartz veins may txi ur through the rock, they arc of more 
recent origin. Another example of mineral incompatibility is mus- 
covite and augite. 

Summary. The determination of the physical properties of 
minerals by simple tests readily performed in the field, without 
laboratory equipment, suffices in many if not most instantes to 
identify a mineral. Generally, it is not necessary to determine all the 
physical properties. Cleavage, hardness, streak, and <k current e often 
suffice. The combination of physical properties warrants naming the 
mineral. For example, quartz and feldspar, both occurring in the 
same rock, can be readily distinguished upon the recognition of 
the cleavage faces of the feldspar. Feldspar and calcite may be 
readily .separated on the basis of the hardness, and most minerals 
can be determined by the combination of physical properties ex- 
hibited. 


The RocK-NfAKtNC Minerals 

One hundred and three elements have been recognized by chem- 
ists. Of this number, however, thc're are only eight that enter into 
the composition of the earth’s outer portions in abundance; in fact, 
these eight elements make up some 98 per cent of the observable 
portions of the earth. These are in order of abundance: oxygen (O), 
silicon (Si), aluminum (Al), iron (Fe), calcium (Ca), sodium (Na), 
potasAum (K), and magnesium (Mg). Of all the possible combina- 
tions of these eight common elements that might occur in nature, 
only a few, in the form of the commonest minerals, make up the 
great bulk of the rocks. These few are feldspars (silicates of K, Na, 
and Ca, with Al), quartz (Si and O), the micas (complex silicates of 
K, Fe, Mg, Al, with a little water, and sometimes other elements in 
substitution for those mentionec amphiboles (complex hydrous 
silicates of Ca, Fe, Na, Al, and Mg), the pyroxenes (very similar 
chemically to the ampliiboles but lacking the water), and olivine 
(Mg, Fe, Si, and O). Others very common, but composing a lesser 
portion of the earth’s outer crust, are calcite (Ca, C, and O), and 
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kaolitiite (Al, Si, O, and water). Calcite composes the bulk of the 
limestones; kaolinite predominates in the clays. In addition, the iron 
oxides, hematite and limonite are very widely distributed as coloring 
agents in rcK'ks. 

A relatively few minerals constitute by far the bulk of the com- 
mon rocks, and sight recognition of these few is essential to rock 
classification. The following mineral descriptions include only the 
most commonly occurring minerals. 

The Feldspars. The feldspars are the most abundant minerals. 
The group is of particular interest and importance because the kind 
and abundance of feldspar serve as the basis tor detailed classification 
of the igneous rocks. Although correct determination of the varieties 
of feldspar requires careful laboratory investigation beyond the 
scope of elementary routine, a visual estimate of the relative quan- 
tity of feldspar in medium and coarse textured rocks is easily made, 
as is an approximate identification of feldspar type that suffices for 
field naming of rocks. 

The feldspar family consists of two major divisions, the potash 
feldspars and the scxladime feldspars. Potassium feldspar, orthoclase 
or microcline has the formula, KAlSijOg. The scxla-lime feldspars, 
plagioclase, constitute an isomorphous series (solid solution series) in 
which the composition varies continuously from NaAlSigOg at one 
end of the series to CaAUSijOg at the other end. 

All of the feldspars have the same general physical properties. 
Inherently they are white, but shades of pink and gray are coitimon. 
In rocks that have both red and white or gray feldspar, the red 
or pink is commonly orthoclase, the gray or white plagioclase. The 
streak is light or colorless, and the hardness is 6. Potassium feldspar 
and plagioclase have two good cleavages; the cleavage directions of 
orthoclase are at right angles to each other, and those of plagioclase 
approximate a right angle. The luster of both varieties is vitreous to 
pearly. The feldspars often occur as tabular or lath-shaped crystals. 

Potassium feldspar is most at home in the acid, or light-colored, 
igneous rocks, associated with quartz and the micas. Plagioclase is 
particularly at home in the basic, or dark<olored, igneous rocks. 
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associated with hornblende, augite, or olivine. Both types of feld- 
spar are found in metamorphir rocks, and potassium feldspar in 
some sediments. Plagioclase is not abundant in most sediments. 

Distinction between potash feldspar and plagioclase can often be 
made by close observation of cleavage surfaces. Plagioclase cleavages 
often show fine, straight and parallel grooving or striations, called 
multiple twinning striae. In the study of rocks without magnifica- 
tion, however, the association of other minerals is probably the best 
means of identification. Precise microscopic identification establishes 
the variety of feldspar present in a rock. If plagioclase is present, its 
position in the isomorphous series is closily determined, and the 
proportions of minerals composing the rock are estimated. These 
laboratory observations of the feldspais are necessary for precise icxk 
classification. For ordinary purposes, however, a satisfactory field 
classification can be made without recourse to the techniques of the 
laboratory. 

, Quartz. Quartz is a very common mineral of simple composition, 
SiOs. It is usually colorless, white or gray, although varieties occur 
that are rather dark (smoky), pink (rose), purple (amethyst), green, 
or yellow. Powdered quartz is always light-colored. The luster is 
vitreous. Its hardness is 7, and it has no cleavage. 

Quartz is abundant in many light-colored igneous rocks and in 
various sediments and metamorphics. It is also a common vein 
mineral, filling cracks in rocks through which silica-bearing waters 
have Circulated. Where quartz has crystallized in rock openings, it 
is often found as hexagonal prisms. In most rotks, however, it 
is seen as irregularly shaped or rounded grains. The most common 
associates of quartz are the potash and soda-rich feldspars and the 
micas. Quartz is readily distinguished from feldspar by its lack of 
cleavage and its more glassy transparent look. The feldspars are 
more opaque, with deader white or gray colors, and often with 
rectangular outlines. Quartz and feldspar are the two most common 
hard, white or gray minerals. 

The Micas. The micas are very abundant minerals which give 
little trouble in identification. White or colorless mica is the “isin- 
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glass’* familiar to most people through its use in electric toasters, 
stove doors, and other equipment. There are two common varieties. 
Muscovite, KAl 2 (Si 3 Al)Oio(OH) 2 , is a potassium aluminium silicate 
of colorless or silvery tint, pearly luster, and, especially, one very 
perfect cleavage which permits the mineral to be split into thin 
elastic sheets that when bent spring back to shape. Biotite, the other 
common variety, is a complex silicate of potassium, magnesium, 
iron, and aluminum, K 2 (Mg,Fe)e(SiAl) 3 O 20 (OH) 4 . Biotite is black, 
brown, or dark green. 

Biotite and muscovite are similar in physical properties. Both 
are soft, 2.5-3, with one perfect cleavage. They are easily scaled from 
a rock with the knife point. Muscovite is found in light-colored 
igneous rocks, in metamorphics, and often in sandstones. Biotite 
is common in light-colored igneous rocks, and in metamorphics, but 
is rare in sediments. 

The Amphiboles, Another series or family of minerals, the am- 
phiboles, are common constituents of many rocks. One member of 
the group, hornblende, is especially common. Hornblende is a com- 
plex silicate of sodium, calcium, magnesium, iron,, and aluminum, 
with a small percentage of hydroxyl ions. It is green to black in color, 
with a vitreous to silky luster and a pale streak. Its hardness is 5-6. 
Hornblende has two good cleavages which intersect at an angle of 
124^. In many rocks hornblende occurs as elongated prisms. 

Hornblende is common in acid, light-colored igneous rocks in 
association with potassium feldspar, both with and without quartz. 
It is especially abundant in the intermediate igneous rocks (diorites) 
associated with plagioclase feldspar. It is present also in many meta- 
morphic rocks, but it is rare in sediments. 

^ The Pyroxenesn Another family of minerals, the pyroxenes, re- 
sembles the amphiboles. A very abundant member of this family 
is augite. Augite is a complex silicate of calcium, magnesium, iron, 
and aluminum. Its color i 
silky, and its hardness 5-6. 
nearly right angles. One 


s dark greeMi^ABal^ts luster vitreous to 
Augitc^^%V<Pleh 3 ^!E|^iS^that intersect at 
of tho^^^ages is of^^^^stinctly better 
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than the other. Aiigitc is commonly associated with plagioclase feld- 
spars in the basic, dark-<olored igneous rocks; it is not common in 
metamorphic or sedimentary rocks. 

Augite and hornblende closely re.scmble each other. Because 
they are commonly associated with different members of the plagio- 
clase feldspar series, the distinction between augite and hornblende 
is frequently of assistance in the classification of igneous rock.s. The 
two cleavages of hornblende intersect at an obtuse (or acute) angle; 
those of augite intersect at approximately a right angle. Hornblende 
is often lound as elongated prisms; augite as shorter, stumpier grains. 
The two cleavages of hornblende are about equally good, whereas 
one of the augite cleavages is often distinctly better than the other. 
Hornblende is more commonly associated with quartz and svith 
prirr>ar; biotitc mica than is augite. And finally, the shade tone of 
augite-bearing igneous nrcks is often darker than the hornblende- 
bearing rcx-ks. Because these differences commonly suffice to dis- 
tinguish between the two minerals, and by implication between the 
members of the plagioclase feldspar series associated with each, the 
recognition of hornblende and augite is used in the field classifica- 
tion of the igneous nxks (Table 4.1, page 43). 

Olivine. Olivine is a green, glassy, and usually granular mineral 
composed of magnesium, iion, and silica, (Mgf’c t_,SiO,. Its hardness 
is 6,5-7, its streak pale, and its cleavage indistinct. Olivine is an 
essential mineral of some basic rocks and in some is the dominant 
miner^. Olivine does not occur in quartz-bearing igneous rocks; 
it is rare in metamorphic rocks and is not found in the sediments. 

Calcite and Dolomite. Calcite is calcitim carbonate, CaCOs, 
and dolomite is the calcium magnesium carbonate, CaMg(C 03 ) 2 . 
Both are commonly colorless, white, buff, or gray, although other 
tints are found. The streak of each is colorless and the luster vitre- 
ous. Both calcite and dolomite i'.*ve three good cleavages which 
intersect at angles of approximately 74®; both tend to break there- 
fore into rhombohedrons. The hardness of calcite is 3; that of dolo- 
mite 3.5-4. In cold dilute hydrochloric acid, calcite effervesces freely; 
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dolomite requires powdering or warm acid. Calcite and dolomite are 
the chief constituents of the sedimentary rocks limestone and dolo- 
stonc, respectively, and of their metamorphosed equivalents, the 
marbles. Calcite also is the mineral cement of many granular sedi- 
mentary rocks. In addition, it forms veins where subsurface waters 
carrying calcium bicarbonate in solution have left it; it forms some 
cave deposits; and it is deposited about some springs. 

Kaolinite. Kaolinite is one of many clay minerals. It is probably 
the most abundantly occurring of that mineral group. Kaolinite is 
a hydrous aluminum silicate. .^l^SigO-ZOH)^. It occurs as aggregates 
of tiny particles, which in the aggregate have an earthy luster. The 
(Klor of kaolinite is rather distinctly “earthy” and a fresh surface 
sticks to the tip of the tongue. Masses of kaolinite become plastic 
when wet. The hardness is 1-2.5; the color, when pure, is white, 
although often tinted gray, bluish, black, or reddish. 

Kaolin is the principal alteration prcxluct ol leltlspar under sur- 
face conditions and is produced by the woatheiing of many other 
minerals. Notable deposits of kaolinite are found as residual prod- 
ucts of weathered feldspathic rcxrks. 

The Iron Oxides. The most common iron dxides are hema- 
tite, FegOj; hydrous iron oxides that are often called limonite, 
Fe20s *01120: and magnetite, Fe0*Fe208. Hematite tx:curs in a scaly 
black micaceous form (specularite), as massive red-black hematite, 
in fibrous masses, and as the powderous red ochre. The compact 
varieties have a hardness of 5.5-6, but the earthy forms are sofj.. The 
luster is submetallic to dull or earthy, and the streak is reddish 
brown. Limonite occurs as compact, fibrous, or earthy porous masses. 
Its color is yellow to brown, and its streak is yellowish-brown. The 
luster of limonite is usually dull or earthy, but some fibrous limonite 
is submetallic to silky. 

Both limonite gnd hematite are iron ores, but the principal role 
in the more common rocks is that of pigmentation. Very minor 
quantities of limonite or hematite cause discoloration in rocks. In- 
deed, these minerals are the pigment in most rocks of brown, buff, 
or red tints. Magnetite is black and has a hardness of 5.5-6.5. 
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CHAPTER IIJ 


ROCKS, AN INTRODUCTION 


M ore than half a century ago, in a prei-acf to the 
widely known text The Materials of Construction,^ it is 

stated: 

The rational designing of any kind of construction invohes a knowledge 
of: 

The external forces to be resisted, transformed, or tiansmitted. 

The internal stresses resulting therefrom; 

The mechanical properties of materials to be employed to accom- 
plish the object sought. 

Of these three coordinate departments of knowledge the first two are 
founded on the sciences of mathematics and applied mechanics. The last 
one, however, does not rest on any deductive science, as this information 
can only be gained by patient, expensive and competent research. 

Because a civil eng^eer deals with earth materials in almost 
every construction job ever undertaken, it is essential that he know 
something about their properties, structure, and occurrence. Every 
engineering structure must rest on something, and for many, excava- 
tions must be made. In many projects earth materials are employed 
as building blocks, aggregates for concrete or mortar work, or as 
loose earth. Consequently, cost, stability, and in some instances 
feasibility of engineering projects are in greater or lesser measure 
dependent on the strength, structure, and accessibility of the earth 
materials concerned. . 

Broadly speaking, rocks are aggregates of minerals. The chief 

* Johnson, J. B., Materiali of C«nttruction, 1st. Ed., N. Y., 1897. 
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exceptions are the rock glasses and coals. The term includes not 
only those of coherent, or consolidated character, but also the un- 
consolidated and uncemented materials which occur as clays, sands, 
gravel, and other less common and less familiar types. The proper- 
ties of rocks, their structures, modes of occurrence, and present form 
are dependent upon the environments in which they originated and 
by which they have been subsequently affected. 

The Major Divisions of Rocks— "The Rock Cycle” 

Rocks that have solidified from a molten solution are called 
igneous rocks. Igneous rocks have been formed beneath the earth’s 
surface to unknown depths. They have also been formed, and are 
forming at the present time, by the consolidation of lavas extruded 
upon the earth’s surface. Once the igneous rocks reach the earth’s 
surface, either through volcanic action or by the wearing away of 
the overlying materials, they are subjected to an environment quite 
different from the one in which they formed. At or near the surface 
they are subject to attack by superficial agents such as water, oxygen, 
carbon dioxide, and temperature changes. The most durable rock 
eventually yields to the attack of these agents. The collective proc- 
esses of rock disintegration and decay are termed weathering. When 
rocks have been weathered into loose material, they are subject to 
removal by wind, water, ice or organisms. If they are moved, they 
must eventually come to rest again, giving rise to sedimentary rocks. 
During weathering and removal, some portions are transported in 
solution which may subsequently give rise to precipitates forming 
sedimentary beds, veins, cements in fragmental materials; or they 
may remain in solution, as illustrated by the salts of the sea. 

Once having formed from molten rock solutions or through the 
processes of sedimentation, a new environment of heat, pressure, or 
both may be imposed upon the rock, with transformations attending 
the change. Rocks thus altered and changed from their original 
igneous or sedimentary form are called metamorphic rocks. 

It is at once obvious that sedimentary deposits may be subjected 
anew to weathering, transportation, and redeposition, forming a sec- 
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ond generation of sediments. Some sedimentary rocks have evidently 
gone thiough such a cycle not once but several times. It is equally 
apparent that rocks already metamorphosed may be resubjected to 
overpowering stresses or heat resulting in further changes. To state 
it simply, metamoiphic rocks can be metamorphosed. If sufficient 
heat is developed, melting of any of the rock types may take place, 
an action which gi\cs rise to new igneous locks. This remelting of 
locks is piobably of limited and local importance. The sec|uence of 



lqneou« RocKs 



Fic 1 I lhorockc><lc 
U , ^^cathe^^nGf 
r, tiansportation 
D, deposition 
C , consolidation 
//, heat 
P, pressure 
S, solutions 



events just described constitutes what is known as the rock cycle, 
diagrammatically shown in Fig. 3-1. 

The geologic map Fig. 3-2, illustrates a common association of 
the three major rock groups. The sedimentary rocks were deposited 
in the sea, and after solidification they were folded. A hot liquid 
solution of rock materials (magma) from within the earth was then 
forced into the folded sediments. The magma was sufficiently hot to 
alter the sedimentary rocks with which it came in contact, thus 
forming a metamorphic aureole, or ring of metamorphic rocks about 
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the intrusion. Because rocks are poor conductors of heat, the meta- 
morphic aureole is of relatively limited extent. After the liquid 
rock had cooled and crystallized into solid form, the agents of erosion 
gradually wore down the area, exposing the igneous rock, as shown 
by the cross section accompanying Fig. 3-2. 

A fourth majoT group, composed of rocks of mixed origin, is 



Fic. 3-2. Association of the three major rock groups. The intrusive mass in the cen- 
tral part of the map has penetrated a folded series of sediments; the sediments abutting 
on the intrusion have been metamorphosed. 








28 


GEOLOGY FOR ENGINEERS 


recognized by many geologists. In some areas, the penetration of 
Igneous rock into host rock is so intimate as to defy separate mapping 
of the host rock and the invading rock. The host rock may be either 
metamorphic or igneous. Rocks of this mixed type are called mig- 
matites. 

Distribution of the Major Rock Types 

While any generalization of geographical distribution of the 
major rock types is contradicted by exceptions, some conclusions 
seem to have at least a measure of validity. The plains areas of the 
world are, for the most part, underlain by sedimentary rocks in essen- 
tially horizontal position. In these areas, very few igneous rocks are 
known to have penetrated the sediments. Metamorphic rocks are 
likewise virtually absent. Metamorphic and igneous rocks outcrop 
widely in the highly deformed mountain belts of the earth where 
erosion has bitten deeply enough to expose the intrusive masses. 
Active volcanoes and recent volcanic lavas are associated with moun- 
tains of recent date. The products of ancient volcanism, correspond- 
ingly, are widely distributed in old worn-down mountain zones. 
Lava flows of wide extent are present also in some of the great 
plateau regions of the world, associated with faults or breaks in the 
earth’s crust. 

Each continent has its nucleus of very ancient and highly de- 
formed metamorphic rocks and associated igneous rocks. The geo- 
logic map of North America, for example, shows the generalized 
distribution of the three major rcxrk groups. The old mountafh zone 
along the Appalachian belt is clearly discerned. The central core 
or nucleus, called by geologists the Canadian Shield, also stands out 
prominently, as does the western mountain area. Between the Ap- 
palachians and the Rocky Mountains, the broad expanse of sedi- 
mentary rocks is broken only by a few island-like exposures of the 
old crystalline basement on which the sediments wert deposited. 
In summary it may be stated that the igneous and metamorphic 
rocks are largely confined to the intensely disturbed areas, the moun- 
tain zones of present or past days. The sediments characterize the 
plains; and lava flows and sediments make up the plateaus. 
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Approximately 80 per cent of the earth’s land surface is coveucl 
with a veneer of sedimentary deposits. The remaining 20 per cent 
of the land suriaces arc undeilain by ignccjus and metaniorphic 
rocks. But the sedimentary depo.sits are relatively tliin, and cjI the 
outer portions of the solid earth to a depth of 10 miles, igneous rcuks 
make up about 95 per cent. 

U.sKs oi- R<x:k 

Besides serving as natural foundations upon which all engineer- 
ing structures rest, rock is used as a structural material in various 
ways. 

Dimension Stone. Cut into blocks, stone is used for building 
material both for interior and exterior purposes. Interior uses in- 
clude floor tiles, steps, banisters, paneling, fireplaces and mantels, 
toilet inclosures, and other applications. Exterior uses include build- 
ing walls, bridges, dams, retaining walls, sea dclenscs, docks, and 
other structures where strength, durability, and architectural effect 
are desired. 

Building stone is classed as cut or finished stone, ashlar, rough 
building stone, and rubble. Finished stone is for the most part 
shaped according to specifications, as for corner, window, or cornice 
applications, and the like. Ashlar refers to small rectangular blocks 
which in contrast to < ut or finished stone are not accurately sized 
or surface finished. Rough building stone consists of \arious shapes 
and sises of blocks, whereas rubble is a term applied to irregular or 
angular material having but one good face. Dimension stone is also 
used for monuments. Stone monuments vary in size and complexity 
from such a structure as the Washington monument to a simple 
foot-marker in a cemetery. Paving blocks and curbing are more 
durable than concrete and, in certain areas subjected to extremely 
heavy traffic, are preferable to any other surfacing. 

In the selection of dimension stone, the obvious properties of 
color, texture, and physical appearance of the stone must be taken 
into account, as well as its durability and physical properties. Ac- 
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cessibility, workability, and cost are additional factors which must 
be considered for any type of rock use. 

Crushed Rock. Crushed rock is used widely in the construction 
of highways and airports as base material and in the surface courses, 
and in the fabrication of concrete. Soundness, durability, and wear 
resistance are the important properties to note in selection of rock 
for crushing. 

Raw Material jar Structural Products. In the manufacture of 
structural products, rocks aie of importance. Brick, tile, cement, and 
plaster are illustrations of construction materials manufactured from 
clay, limestone, and gypsum. Paints, roofing granules, rock-wool, 
and many otlier rock and mineral prodiu ts ai e used in the c onstruc 
tion trades, but their study falls more piopeily in the lealm of 
economic geology. 

PinsicAL pROPiRTirs o) Rocks 

The physical propeitics of locks ate. for the most part, readily 
determined in the laboratory. The specific use for which a rock is 
being considered detei mines what properties and consequently what 
tests are of significance. In the following discussion, the physical 
properties most directly, related to strength aie first described, fol- 
lowed by a brief discussion of certain other properties of engineering 
significance. 

Strength. The properties of icKk, such as resistance to crushing, 
flexure, shear, impact, and abrasion, depend in a large measur<t upon 
the texture of the lock and the nature of the bond between the 
individual mineral particles making up the rcKk. The mineral com- 
position, likewise, has an important influence on these properties. 
Another factor should be mentioned, also, and that is the structure 
of the rock specimens undergoing tests. Many, if not most, rocks 
have structural planes present which give rise to differences in test 
results according to the orientation of the test blocks. These features 
are described in more detail in subsequent discussions of rock struc- 
ture. Especially to be noted, however, in connection with strength 
tests are: 
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I* Rift and grain in granites and similar rocks 
2. Bedding or stratification in sediments 
8. Foliation or schistosity in the inetamorphics 


All of these properties are well known to stone workers and are 
utilized in shaping dimension stone. In recordipg lesults of mechani- 
cal tests on rock specimens, it 
should be the general practice to 
lecord also the structural posi- 
tion of the test specimens. Fig 
8-3 illustrates this point. It has 
been found, tor example, that the 
(ompiessi\e strength ot granites 
may \arv i much as 12 per cent 
accoiding to the oiientation of 
the test specimen. Consequently 
in laying stone, particularly in 
positions where loads are hca\), 
good practice seems to call lor 
the direction of easiest parting, 
the bedding planes, or foliation 
planes, to be placed normal to 
the maximum stress. 

Crushing Strength, The crush- 
ing syength of consolidated, 
sound rock, suitable to the jol 
in other respects, does not com 
monly enter into consideration 
Virtually all sound types have 
crushing strengths far in excess 
of any loads which may be placed upon them. The Washington 
monument for example, exerts a ^.ressure on its foundations of 
about 315 pounds per square inch. Most sound rocks give crushing 
strengths of more than several thousand pounds per square inch. 
A safety factor of 20 is usually demanded, and hence a crushing 
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3 3 Positions of iLst specimens uiili 
respect to structure 
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strength of 5000 to 6000 pounds per square inch would ordinarily 
be satisfactory. The ciushing strength of concrete commonly ranges 
from 2500 to 4000 pounds per square inch. The crushing strength 
of the crystalline rocks (igneous and metamorphic) is commonly in 
excess of 5000 pounds per square inch, and may run as high as 
60,000 pounds per square inch. Table B of Appendix II shows the 
relative compressive strengths of various rock types. It should be 
noted, however that this test assumes more importance when dealing 
with some types of sediments not completely consolidated or indu- 
rated. 

Flexural Stiength. Flexural strength or resistance to bending is 
measured in terms of the modulus of rupture computed from the 
formula: 

“ 2 /><® 

in which fV is the load, at the middle of the span, required to pro- 
duce rupture; I, the distance between supports; b, width of the speci- 
men; and t, thickness Because stone in modem constiiirtion is not 
ordinarily subjected to high bending stresses, the modulus of rupture 
is not customarily determined The settlement of buildings, how- 
ever, may induce such stresses, and failures have resulted because the 
stone used was too weak in transverse strength to resist the deforma- 
tion. The mcxlulus of rupture of cone rete c ommonly ranges between 
600 and 900 pounds per square inch Comparative results of tests 
determining the mcxlulus of rupture for dilFcient kinds of rAck are 
shown in Table E of Appendix 11. 

Shearing Strength. The shearing strength of stone used in lat^e 
structures may become important as a result of improper masonry 
which sometimes results in concentrating large loads near the edges 
of the blocks. Shear failure sometimes results in spalling Kessler, 
Insley, and Sligh’ describe shearing tests used at the Bureau of 
Standards and figure the punching shear device used for the tests. 


'Kewler, D. W, Insley, H., and Sligh, W H, "Physical, Mineralogical and Dura- 
bility Studies on the Building and Monumental Gtanites of the United States," V. S. 
Nuttonal Bureau of Standards Research Paper R P 1)20, 1940, p. 187. 
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Comparative shearing strengths of several rock types are shown in 
Table D of Appendix II. The shearing strength of concrete com- 
monly ranges from 1250 to 2000 psi. 

Toughness and Abrasion Resistance. The resistance of a rock 
to impact, i.e., its tenacity, defines its toughness. This property is 
particularly im|K)riant where the rocks are subjected to severe use 
and impact— for example, the grinding of pebbles in a ball mill or 
some types of highway surfacing. Toughness is tested by means of 
an apparatus designed to drop known weights thtough measured 
distances onto the test specimen. The comparative toughness of a 
number of different rock types is shown in Table G of Appendix II. 
This table also describes a test tised for toughness. 

It is desirable in some instances to determine the resistance of 
a rock type to abrasion. There are various methods for estimating 
this property. The National Bureau of Standards method involves 
grinding specimens 2 by 2 by 1 inch under a pressure of 2 kilograms 
on a cast-iron grinding disk to which artificial corundum is fed at 
a constant rate. The abrasive hardness //, is computed by the 
formula: 


„ 10 (W. + 2000)G 

"•= 2000tn 

in which W, is the original weight of the specimen, G its bulk 
density, and the loss in weight after grinding (all weights in 
grams'/ Table H of Appendix II shows comparative hardnesses of 
several r<x;k types. Toughness and abrasion resistance are important 
factors in quarry production costs, for upon them, in considerable 
measure, depend the ease or difficulty of drilling, blasting, and crush- 
ing. 

Other Engjmeering Properties of Rock. Certain other properties 
of rcKk are of engineering importance and for some work are of 
paramount significance. For examp: , in engineering practice it is 
frequently necessary to measure or estimate density, absorption, 
porosity and permeability, heat resistance, and durability. 

Density. The bulk density of rock is determined by uking dry 
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weight of a specimen and its suspended weight in water after pro- 
longed soaking Xhc density is expressed by the formula 

D 'I.±- 

' • “ ly^ - It', 

in which fVj equals dry weight. fV_ equals weight m air after pro- 
longed soaking, d is the density ol the water, and IV^ e(|uals the 
suspended weight in water aftei piolonged soaking The true density 
of the rock can be determined by the use of either the Le Chatelier 
flask or the pyt nometer Bet ausc of the low porosity of most igneous 
and mctamorphic rocks, the bulk and true densities ate but slightly 
different, and for these types a determination of the bulk density 
usually suffices 

Absoifyhon The determination of absorption is made on speti- 
mens that hate been picviously dried and then immersed for vaiious 
lengths of time The absoiption is computed by the formula 

where W', is dry weight and IV 2 the weight after soaking The ab- 
sorption of the crystalline loeks (those with elose'ty interlocking 
mineral grains, sueh as, the metamorphies and most of the igneous 
rocks) IS commonly low, and their resistant e to the disintegrating 
effects of frost is correspmdingly high Some representative absorp- 
tion values are given in Table I of Appendix II. 

Porosity and Permeability Porosity and permeability o'" locks 
are closely related properties, for without openings of some sort there 
can be no passage of fluids through the rock. The two properties, 
however, must always be t learly distinguished. 

The porosity of a rock is defined as the percentage of total volume 
occupied by pore spaces Porosity is not directly related to absorp- 
tion, although It IS true that rocks with low porosity have relatively 
low absorption. The igneous rcxks, with the exception of a few 
types, and the metamotphic rocks have very low porosity. Many 
sedimentary rocks have a large porosity, and in some the pore spaces 
may cKcupy as much as 50 to 75 per cent of the total volume. Deter- 
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niination of the poiosity of (onsoliMdK^cI io( ks can be computed from 
the bulk density and true density \,ilues by the* iormula: 


(A, - Ih.) 

I>a 


X 100 


in which Da is the true density, and is bulk density. Some repre- 
sentative porosity determinations are gi\en in lalile J of Appendix 
II. A discussion of porosity ot unconsolidated sediments is deferred 
to a subsc-cpicnt consideration of those mateiials. 

The peinieability of rocks is paitic ulaily important in a number 
of engineering problems, lor example those dealing with foundations 
for dams, reservoir areas, certain sanitary engineering problems, and 
the building of walls and other stiuctuics, where water transmission 
is of imnoitance. Poinvability is defined as the capacity of a sub- 
stance to transmit a fluid. As emphasized previously, permeability 
must f)e distinguished from porosity. Roc ks may have a high porosity, 
and yet, because the openings are not connected or because the con- 
nections arc of small si/e, the transmi'^sicrn factor may be very small. 
Most igneous and metamorphic rocks are relatively impermeable, as 
are the very fine textured sediments. Certain of the igneous rocks, 
some sediments, and some calcareous metamorphic cocks, however, 
are readily permeable. 

Heat Resistance, Most roc ks are seriously darri iged by fire if the 
temperatures reach afrout 850° C. A series of tests by VV. E. McCourt 
indic:#tes that, in general, sandstones suffer tne least damage, fol- 
lowed in order of decreasing resistance to damage by fine-textured 
granite, limestone, coarse-textured granite, gneiss, and marble. The 
limestones and marbles begin to calcine between 600 and 800° C., 
and are ruined at temperatures above 900° C. The chilling effect 
of a stream of water played on heated rock, as often observed, ac- 
centuates the fire damage. 

Durability. Some rocks contain niinerals, such as pyrite, which, 
when exposed to the atmosphere, deteriorate, leaving pits or causing 
disfiguring stains. Other rocks because of their composition may be 
unsatisfactorily durable. The durability of rock can best be esti- 
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mntccl hyobseivmo outcrops ofthenxk in the vkinity of the quarry 
and by examining quany waste piles. Another obvious method is 
ti> ohscjse the condition of the stone in sttuctures that have been 
exposed to the wtathei or have been in use over a peiiod of years. 
Some icnks, httause ot their susceptibility to frost action, are not 
suited to outside uses in the cooler climates. Rock durability de- 
pends in laige measure also upon the nature of the bond between 
the mineidl ccmstituents. For example*, sandstones with admixed 
( lay have failefi in some instances to give satisfactory service because 
of slaking effects on the clay 

In general, it may be said that, barring fire, the crystalline rocks, 
both igneous and metamoiphu. and the thoioughly cemented and 
well-indurated sedimentary rovks of low absorption are satisfactoiily 
durable. 
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CHAPTER IV 


IGNEOUS ROCKS 


O F I HE THREE MAJOR ROCK GROUPS, THE IGNEOUS ROCKS 

constitute the major portion of the solid part of the earth, at 
least in the outer zone. From this group, as has already been in- 
dicated, iiL derived the metamorphic and sedimentary rocks. 

Igneous activity can be subdivided into two main classes: (1) sub- 
surface movements, or intrusive activity; and (2) surface movements, 
or extrusive activity. It is obvious, of course, that the molten lavas 
which issue at the earth's surface through rents or openings had 
their origin beneath the surface and have moved radially outward. 
There is thus a gradation or connection between intrusive and 
extrusive action. The significance of the terms intrusion and extru- 
sion as applied to molten rock masses is made rea{lily apparent by 
a simple analogy. A toothpaste tube can be squeezed causing ex- 
trusion of the paste. If, however, the mouth of ^he tube is inserted 
into J dish of gelatine and then squeezed, the paste is intruded into 
the gelatine, making room for itself by crowding the gelatine aside. 
Some geologists have classified igneous rocks into the following three 
groups: deep-seated, or plutonic; intermediate, or hypabyssal; and 
shallow, or extrusive. 

Crystallization avd Texture 

As the temperature of the magma, or molten rock solution, 
drops, crystallization is initiated. The order of crystallization is the 
order in which mineral components become insoluble in the rock 
solution. Careful studies of a good many igneous rocks have estab- 
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lished the veiy cominon order of crystallization of the coinnion roc k- 
making minerals 


Ordir of Crsstmi i/xnoN or Rock Making Minfrais 


Early 


Late 


Olivine 


Lime feldspars 


Pyroxene 

Amphibole 


Soda feldspars 


Biotite 

Potassium feldspar 


Muscovite 

Quartz 


(After Bowen) 


The size and arrangement of the crystals composing the igneous 
rcKks define the property known as texture Ccitain of the locks 
which hardened without ciystalliziiig are said to have a glassy tex- 
ture. Crystallized igneous locks show a variety of giain sizes and 
arrangements These gradations may be expressed in teims of the 
size of grain as follows: 


Very coarse 

Coarse 

Medium 

Fine 

Dense 


More than S cm 
More than 5 mm 
1 to 5 mm 
Less than 1 mm 

Indnidual minerals too small to be 
distinguished without magnification 


Two other textural varieties should be mentioned. The first of 
these is pegmatitic texture, which is a coarse, very irregular type of 
crystallization. In rocks displaying the pegmatitic type of texture, 
individual constituents may vary in size from a small fraction of 
an inch to several feet- Exceptionally, mineral crystals occur with 
a maximum dimension of 20 feet or more. The chief characteristic 
is irregularity. Porphyritic texture should also be defined. This 
texture consists of relatively lai^e crystals included in a groundmass 
or matrix of relatively finer texture. However, it should be under- 
stood that the groundmass of the crystalline rocks may be very coarse. 
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coarse, medium, fine, dense, or uncrystallized with glassy texture. 
The larger crystals scattcied through the matrix vary from a small 
fraction of an inch in diamctei in some of the njcks of fine or dense 
groundmass, to several inches in the icx'ks of medium or coaise tex- 
tured groundmass. The laiger crystals are termed phenocryits and 
the igneous rocks tontaining phenocrysts are called potphyries. 



Fig. 4-1. Porphyntic granite, Goudreau, Ontario. Groundmass has 
grains about one-eighth inch in diameter. About one-halt natural 
size. (F. F. Grout) 


Fig. 4-1 shows a prophyritic texture. Prophyritic texture is com- 
monly explained as the result of two stages in cooling. Crystalliza- 
tion may have started at depths where conditions of slow cooling 
prevail; then if the magma is forced into a cooler environment, the 
remaining liquid jxirtions crystallize more rapidly, thus giving rise 
to the groundmass. 

Conditions Influencing Texture. Slow cooling and crystallization 
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of the magma result in coarse textured rocks. Relatively few centers 
of crystallization are established in this case, and sufficient time per- 
mits the atoms to ai range themselves in relatively large crystals. 
Rapid cooling, on the other hand, favors the initiation of many 
centers of crystallization, and the finer textures result. It is fre- 
quently observed that the margins of intrusions display finer textures 
than the interiors, a result of the more rapid cooling at the contacts. 
If, however, the adjacent rock was preheated or movements within 
the liquid magma were active enough to prevent marginal crystal- 
lization until the wall rocks had become heated, coarse textures may 
prevail right up to the margin. 

Another very important textural factor, however, is the piesence 
of certain subsunces in solution, notably water, boron, (luoiine. 
chlorine, sulphur, and carbon dioxide, all of which are teiined 
mineralizers. These substances reduce the viscosity of the solutions 
and prolong the consolidation interval, thus promoting a coarser 
crystallization than would otherwise develop. The coarse and no- 
tably irregular texture of pegmatitic type is caused by an abundance 
of mineralizers. 


Classifioahon of Igneous Rocks 
The intrusive igneous rcKks are grained with the exception of 
very small intrusions and some thin marginal selvages. They are 
classified according to texture (Table 4.1), minerals present (Table 
4.2), and chemical composition. Chemical analyses, of course' are 
not commonly available, but color peimits a lough classification as 
to chemical types. The light-colored varieties aie commonly acidic; 
the dark-colored rcxks, basic. The intei mediate colors indicate inter- 
mediate chemical composition. The teim stltcic, or salic, applied to 
a rock, means a relatively high silica content, whereas mafic means 
relatively rich in iron and magnesium. Practically, however, the 
rock name is determined by the minerals which are present and by 
the texture. Especial attention should here be called to the distinc- 
tion between the feldspars, for they form the true basis for the classi- 
fication of igneous rocks. 
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TABI^ 4 1. A FittI) ClASSII'K AIION OF THF Ir.NLOL'^ RoCKS 



Light 

Intel mediate 

Dark 

1 exiure 

Quart/ anil fekl 
spar, other min 
tials minor 

Feldspar and 
hornblende 

Augite and 
feldspar 

• 

Augite 

Hornblende 

Olivine 

Very coaise 
irugular 

Pegmatite 

Dioiite 

Pegniatiu 

Gabbro 

Pegmatite 


(^oarse, 
nucliuin» 
and fine 

Granite, or aplite 
il light sugary tex 
turc, of fine gram 

Dioiite 

Gabbro or do! 
eritc if fine 
grained 

Peridotite 

Dense 

^elslU 

Basalt 


1 RInolite 

\ndesue 



Glassv 

Obsidian (d \cr) 

vesicular. Pumice) 



\nv of the (^}K^ tua\ ha\c poiphvritic vaiietics 

1 he feldspar of the ‘ light ’ rocks in this table is doininantlv microchnc or ortho- 
clasr, the feklspai of the ‘ intermetliaie and claik*' rowks in this table is dominantly 
piagioclase 

Rocks tompostd of volcanic ejected fragments aie briccia (coarse) and tuff (hne) 


Tabie 4 2. Minfral Composition of Intrusive Igneous Rocks 

(After Pirsson) 
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The volcanic rocki are loi ilu- most part of fine, dense, or glassy 
texture, Fiaginental solcanu unks ate the lesults of violent ex- 
plosion and may be mmposed ol mateiials of any of the above- 
mentioned textutes. Occasionally, thick Hows ol extiusive rocks are 
tound to have locally somewhat coaisei tcxtuies than normally dis- 
played. In the field classihtaiion of wnks (Table 4.1), it will be 
noted that color rathei than mineralogital tomposition is the deter- 
mining factor in naming the dense rotks. ('heniical analyses have 
shown that lava*- displaying vaiious shades of red, brown, gtecn, 
and gray commonly coriespond to the at idu and intermediate intru- 
sive rocks. Only lavas of very daik toloi toi respond to the basic in- 
trusivcs. Hence the twofold duision of the dense tck ks seen in Table 
4.1. If the volcanit locks arc poiphyiitic, the geologist is frequently 
able to make mote lehned distinctions than aie presented here For 
practical purposes, however, this rlassihcation is adecpiate. .Strictly 
speaking, the volcanic tuff and aggloineiate of Table 4.1 might be 
better considered sediments. They aie, in part, water laid, as vol- 
canic ejecta frecjuently settle in bodies of water. 

The Imtcusives 

The intrusive igneous rocks, as stated, are those that have solidi- 
fied from molten rcx:k solutions called magmas which have pene- 
trated other rocks. These intrusions vary in si/e from very minute 
cxrcurrences to masses hundreds of miles in extent. They may pene- 
trate sedimentary, metamorphic, or other igneous rocks. ' 

Modes of Occurrence. It is convenient to classify the intrusive 
igneous rocks according to their modes of occurrence. The mode 
of occurrence means the manner, shape, or form in which the igne- 
ous rock mass occurs. 

Batholiths (Fig. 4-2). A batholith is a large mass of igneous rock 
which has crystallized it some considerable depth below the earth’s 
surface and is exposed only by erosion. The great Sierrfi Nevada 
Range is, in large part, a great batholith; and many other examples 
of huge areas underlain by intrusive locks of this mode of occurrence 
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could be cited. 1 he depth to which batholiths may extend is un- 
known, and the nature of the lower portions of batholiths is subject 
to debate. C.ertain it is that they extend to great depths; and if the 
lower limits of any batholith have e\er been exposed by erosion, it 
has escaped recognition. In British Columbia, the intrusive rocks 
of the C.oast Range batholith show no significant differences from 
the crests of peaks 15,000 feet high to the lowest \ alleys incised in 
the rotk nearly to sea lc\el. 


fiG 12 1 roded 

batholith 1 he met 
lia't been cntiiih < 10 I 
id a\\.i\ except loi the 
central valley 




1 IG 4-3 Troded 
laccolith with sills and 
dikes 


Stocks or Bosses. Areas of igneous rock, often of more or less 
circular outline, exposed by erosion over an area of less than 30 to 
40 square miles are commonly called stocks or bosses. These may 
be in part protrusions from an underlying batholith not yet ex- 
posed, or they may be independent intrusions. These, like the batho- 
liths, have unknown, but great, downward extent. 

Laccoliths (Fig, 4-3), Intrusions which have penetrated stratified 
rocks as lenses causing an up-arching of the roof are called laccoliths. 
They vary in size from a few hundred yards to several miles in 
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diameter, and from a few hundred feet to several thousand feet in 
thickness. 

Sills (Fig. 4-3). Intrusions of magma between the bedding planes 
of sedimentary rocks or the structural planes of metamorphic rocks 
are called sills or sheets. These in general have relatively slight 
thickness as compared with their other dimensions. They vary in 
size from a fraction of an inch to several thousand feet in thickness 
and proportionately in other dimensions. They may be either hori- 
zontal, inclined, or vertical in attitude, depending upon the attitude 
of the structural planes into which they were forced. A laccolith 
may be considered in effect a locally thickened sill. 

Dikes (Fig. 4-3). Tabular-shajied intrusions, relatively elon- 
gated, that cut across the stratification of sediments, structural planes 
of metamorphic rocks, or penetrate other igneous rocks are called 
dikes. Dikes show variations in dimensions on the same order of 
magnitude as those just mentioned for sills, and like the sills also 
they may vary in attitude from vertical to horizontal. 

Mechanics of Intrusion. One of the major problems concerned 
with igneous rocks is the question of how the magmas made room 
for themselves. For laccoliths it is at once apparent that this space 
was achieved by actual lifting of the overlying beds. The same 
mechanism also explains the intrusions of most sills. Many dikes 
are fracture fillings, and in the intrusion of most dikes, probably the 
fractures have been enlarged by the hydraulic action of the raagma 
being forced in under pressure. For the larger intrusions such as 
batholiths and stocks, however, it is difficult to explain what has ac- 
tually taken place. The Coast Range batholith of the Pacific north- 
west, for example, has a linear extent of perhaps 1200 miles and an 
average width approaching 70 miles. Its depth is unknown, but it 
must be great. Hence a volume of magma of a good many thousand 
cubic miles has forced its way up into the crust, where it could be 
exposed by erosion. What has become of the rock which formerly 
occupied the space now taken up by the granite? Detailed structural 
work on intrusions and the surrounding rocks suggests that various 
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methods have been utilized by tlie magma to make a place for itself. 
Some magmas in their ascent from the depths to the outer portions 
of the earth’s crust may have a measure of superheat, i.e., heat in 
excess of that required to keep the magma fluid. Insofar as this is 
true, a magma may actually melt or assimilate the adjacent rock. 
Superheat is soon lost, however; and it is probable that this process 
has been only locally effective, at least in the /one in which the 
magma came Anally to rest. How much deep-seated or abyssal 
assimilation may have taken place is uncertain. Instead of by 
actually melting the adjacent rtKk, the magma may react with it. 
Assimilation of this type does not require the superheat postulated 
under the assumption of pure melting. The clean-cut margins of 
many large intrusions, however, indie ate that reaction with the wall 
rock is of limited extent, at least in the zone of Anal consolidation. 
In the study of some igneous bodies, banding suggestive of sedi- 
mentary bedding is recognized. Relic structures of this type indicate 
that some igneous bodies have been formed by the invasion of 
igneous emanations, aqueous or gaseous, replacing the invaded rock 
masses volume for volume, in a way analogous to the petriAcation 
of wood. 

The contacts of some large intrusions are very blcKky and, in 
some, many fragments of the adjacent rex-ks are found imbedded in 
the igneous mass. This suggests that the magma has forced its way 
into cracks in the adjacent rock and actually pried or broken off 
chun|/s of the rocks being invaded. This process of natural quarry- 
ing by magmas is termed sloping. Some dikes have also been em- 
placed, at least in part, by this method. 

Around the margins of some intrusions, both large and small, 
the adjacent rocks have been deformed by the thrust of the magma, 
suggesting an actual forceful injection, space being made for the 
liquid by shouldering aside the wall rcKk. The direction of easiest 
relief determines the direction of magma movements; and the 
nature of the adjacent rock, under the conditions of temperature 
and superincumbent load prevailing at the time of intrusion, deter- 
mines the character of the deformation. 



48 


GEOLOGY FOR ENGINEERS 


Structures. The intrusive rocks display structures which were 
determined at the time of congelation of the magma and imme- 
diately following, and structures that have been subsequently im- 
posed upon the igneous mass. The first group of structures related 
to the intrusive or late magmatic stages are termed primary struc- 
tures. Those that have been subsecjuently imposed are termed 
secondary structures. It is fortunate lor man that the igneous rocks 
contain these structural features, since by their presence quarrying 
is facilitated. 

If the magma started to crystallize before movements of the 
liquid ceased, floxo structures may record the movements. These 
flow structures are divisible into two primary classes: (1) planar-flow 
structure, and (2) linear-flow structure. Planar-flow structure is 
marked by the parallelism or alignment of minerals in a plane. The 
common minerals showing the plane structure are those that have 
one relatively small dimension. Very commonly the micas are drawn 
into parallelism by magmatic movements so that their cleavages are 
parallel. Feldspar phenocrysts also frecjuently display a similar ar- 
rangement and mark out the plane of flow. Irregularities in com- 
position, as for example zones richer in dark- or light-colored 
constituents called schlieren, may also mark the structure. 

Linear-flow structure may be developed where minerals or in- 
clusions having one relatively long and two relatively short dimen- 
sions are present previous to the cessation of magmatic movement. 
These may be drawn into parallelism by the flow. HornMende 
needles, mica streaks, and cigar-shaped inclusions commonly consti- 
tute the lineation. Lineation marks the direction of magmatic 
currents prior to consolidation. The arrangement of the linear ele- 
ments may be likened to the orientation of logs floating in a stream, 
directed by the currents. Where both planar and linear flow struc- 
tures are present, it is found that the lineation lies in the plane of the 
planar flow structure. However, either of the types of flow structure 
may occur singly. The flow structures may be vertical or inclined at 
varying angles. They are, in general, parallel to the nearest friction- 
exerting surface. 
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Well known to stoneworkers and quarrymen is the tendency ol 
many igneous masses to split more readily in two directions than 
others. The direction of readiest parting is called the rift, which is 
commonly either nearly vertical or nearly horizontal. The diiection 
of next easiest parting is called the grain. The direction of most 
difficult parting, usually at right angles to both rift and grain is 
known by stoneworkers as the "‘hardway". In part, rift and grain 
are due to the parallelism of feld- 
spars and micas. In addition, mi- 
croscopic or submicroscopic cracks 
in the quartz and feldspars and 
sheets of tiny fluidal cavities in 
quartz are factors. Rift and grain 
are not always parallel to the flow 
structure. Stresses within the rock 
mass during and following the 
final consolidation probably ac- 
count for rift and grain. What- 
ever their origin, rift and grain 
have been most important eco- 
nomic factors in granite quarrying 
and working from ancient times 
to the present. 

As cooling and crystallization 

progr^M, the magmas become in* no. t-«. ruipii>ruic gramie witn ttow 
. , -j j i..- .. 1 structure. The smallei of the two white 

creasmgly rigid and ultimately are objects at top of picture is two and 

.ubj«:t to cracking, inannuch a, 

the linear-flow structures show the 

direction of easiest relief and elongation of the liquid mass, the plane 
normal to the lineation is subject to tension. If the same stress set-up 
prevails in the late magmatic stage, tension joints develop that stand 
normal to the linear flow structure. Since at the time of their devel- 
opment there may be residual liquid still present, many of the ten- 
sion joints are filled with the liquid residue in the form of narrow 
dikes. As would be expected from the normal order of crystallization. 
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which has already been pointed out, many of these tension joint fill- 
ings aie (onipiised essentially of quart/ and feldspar. In Fig. 1-4 is 
shown a photograph of granite with a planai strut ture marked by 
the alignment of the feldspar phenocrysts. 

The second group of structures, those imposed on the mass after 
final consolidation, art the secondary stiuctures. Joints, shear zones, 
and faults are the chief structuies of this class. In the large intrusive 
masses probably the most tvldely developed, conspicuous, and eco- 
nomically important structural feature is the sheeting, as illustrated 



Fig. 4-5. Sheet jointing in granite on Mosquito Mountain, Frankfort, Maine. 


in Fig. 4-5. Sheeting joints tend to follow the erosion surface and 
hence commonly dip quaquaversally about hills. It is noteworthy 
that the slteet joints are more closely spaced near the surface and 
become spaced progressively farther apart in depth. They are 
seldom entirely regular and, followed out, commonly terminate 
against other sheeting joints thus forming large lenses. In part, sheet 
jointing may be related to surficial temperature changes; but in a 
large measure it appears w. be due to expansion of the mass as the 
overlying body of rock is eroded away. Other joints, vertical or 
inclined, are usually present. These are generally quite regular in 
spacing and attitude. Where the joint spacing is tex) close, quarrying 
for dimension stone is impossible. 
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Shear zones, or zones o£ closely spaced joints along which slight 
movements have occurred, may be present occasionally as the result 
of overpowering stresses. Faults, or breaks along which differential 
movements have occurred, are not infrequently found in 'gneous 
rocks. If dikes or sills are faulted, the displacement may be readily 
apparent. Faults in the large intrusive masses, however, are more 
difficult to recognize because of the absence of markers b) which the 
displacement may be distinguished. Shear and shatter zones in the 
massive igneous rocks, both those along which considerable move- 
ment has occurred, as well as those along which there has been a 
minimum of mo\ ement, may be loci of ready water penetration and 
weathering. 

Intrusive Rock Types. The intrusive rcK'ks may be divided into 
a number of types, examples of which are granite, syenite, or diorite. 

Grayiite. The most common intrusive igneous rock is granite. 
Granites are composed essentially and dominantly of quartz and 
potassium feldspar and hence are light-colored. A sodic plagioclase 
is commonly present in some abundance. Dark minerals, which are 
virtually absent in some varieties of granite, seldom exceed 25 per 
cent by volume of the rock, Biotite is perhaps the most common 
subordinate mineral. Muscovite and hornblende are also frequently 
present. Common, but less abundant and less conspicuous, may be 
pyrite and the iron oxides, hematite and magnetite. Locally de- 
veloped, commonly near roof or walls, tourmaline and garnet may 
be fouled in some abundance. The textures of the granites show a 
considerable range, varying from fine to very coarse. Porphyritic 
texture is not uncommon; feldspars commonly comprise the pheno- 
crysts. 

Where a flow structure is seen in the granites giving the rock a 
somewhat banded appearance because of the segregation or parallel- 
. ism of some of the minerals, notably the feldspars, micas, or horn- 
blende, the rock is said to be gneissic. 

The granites are named according to the subordinate minerals 
present. Thus if biotite is present the rock would be termed a bio- 
tite granite. If hornblende is present, it is a hornblende granite. 
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If biotite and muscovite are both present, it would be called a 
biotite-muscovite granite. 

The color of granites \aries fioin very light to medium tones of 
gray, with various shades ol pink to red not uncommon. Occasion- 
ally green tints are found. The giain or textuie of granites varies 
from fine to very coarse, and some granites vaiy markedly in texture 
within the limits of individual quarries. Commonly, however, the 
texture and color is uniform for large volumes of rock. 

Granites have a low absorption. Tests by the National Bureau 
of Standards^ on 90 specimens of granite taken from the eastern 
states and Wisconsin and Minnesota showed an average absorption 
of 0.21 per cent for two days’ immersion and 0.28 per cent for one 
year. Of the scries tested, not one showed an absorption as great as 
0.5 per cent. Computations indicated that the porosity varied for 
this series of specimens from 0.4 per cent to 3.84 per cent, with an 
average of 1.29 per cent. The degree of saturation achieved during 
another series of absorption tests for eastern granites gave an average 
of 0.66. It can be seen from these porosity and absorption tests that 
granite has excellent frost resistance. This deduction is borne out 
by a series of freezing tests on 14 samples of granite from the eastern 
states and the Middle West.^ These specimens were frozen 4500 
times under conditions similar to those in structures above ground. 
No sign of disintegration resulted. Previous to freezing the speci- 
mens were soaked for two weeks in water, frozen at a temperature 
of — 12° C. for at least six hours, and thawed by immersion ill water 
at about 20° C. for one hour. Frost action, therefore, appears to be 
negligible in the weathering of granites used ior structural purposes. 

Because of its mineral composition and interlocking of crystals, 
granite is hard and abrasion resistant. The compressive strength of 
granites is variable. Recent tests® shoived a range from 7700 to 
29,700 pounds per square inch with average of 24,500 pounds per 
square inch in the dry state for 114 samples. From these values, it 

^Kessler et al, U. S Bureau of Standards Research Paper, H P. mo, 1910. 

*Ibid, 

•Ibid. 
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can be seen that the granites are amply capable of supporting any 
load to which they might be subjected in ordinary construction prac- 
tice with a very large factor of safety. A review of available data 
shows that the flexural strength of granite expressed as the modulus 
of rupture varies from 1378 to .3909.7 ptounds per square inch. 
Shearing strength of granite is superior to that of most other build- 
ing stones and ranges from 3900 to 4600 pounds per square inch. 
The toughness or tenacity of granite, i.e., its resistance to impact, is 
somewhat variable and in general inferior to the finer textured 
crystalline rocks, but superior to that of sandstone, limestone, and 
marble. The modulus of elasticity for granites is higher than that 
of any of the other rock types for which data are available. Granite 
has an average weight of 16.5 pounds per cubic foot or approximately 
2 long tons pt •• cubic yard. 

In common with most rocks, granite is subject to spalling and 
fracture on being subjected to excessive temperatures. Tempera- 
tures below 100° C. cau.se slight damage. Granites are inferior to 
sandstone in heat resistance, and the coarse grained granites are in- 
ferior to the finer textured varieties in resistance to temperature 
changes. 

Some common flaws that impair the value of granite as a dimen- 
sion stone are the presence of knots and schlieren. Knots are dark- 
colored patches commonly somewhat rounded and of finer texture 
than tfy surrounding granite (Fig. 4-6). Although they do not affect 
the strength of the rock, some people consider them unsightly. 
Schlieren are streaks of differing color, commonly darker or lighter 
than the rest of the granite. They also mar the uniform appearance 
of dimension stone. There are few minerals in granite that are dele- 
terious. Pyrite in very small crystals may be susceptible to alteration 
with the formation of rust spots. Biotite and hornblende may be 
partially decomposed before the granite is quarried and subse- 
quently weather out in the dimension stone. If these minerals are 
in fresh condition as the rock comes from the quarry, alteration is 
negligible for the expected life of a structure. Along the joints in the 
quarries, percolating ground water frequently causes a selvage of 
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alteration, called sap, commonly discolored by limonite staining. 
This must be removed, of course, before the stone can be utilized for 
dimension purposes. The presence of many small dikes in a quarry 
generally renders the stone useless for dimension stone. 

Granite breaks down mechanically into arkosic sand which is 
composed of the same minerals as are present in the granite, i.e.. 



Fic. 4-6. Knots in granite on Mount Waldo, Frankfort, Maine. 

\ 

quartz and feldspar with the accessory minerals. Usually chemical 
decomposition accompanies the mechanical breakdown at least to 
the extent of partially kaolinizing the feldspars, and in part altering 
the ferromagnesian minerals. Above the timber line in mountain 
regions, block disintegration is common; and it is frequently difficult 
to find outcrops of the bedrock in place because of the nudierous 
loose blocks. In the warmer climates, chemical decomposition, of the 
granites kaolinizes the feldspars and alters the biotite and' horn- 
blende with production of kaolin and liberation of iron oxides 
which stain the soil reddish-brown. The quartz remains unchanged. 
In some of the warmer more humid regions, particularly lowland 
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areas where the products of alteration are not removed, the residual 
soil so developed may be of considerable thickness. Residual boul- 
ders of weathering are locally developed that very much resem- 
ble glacial erratics l^Fig. 4-7). In these places the weathering has 
proceeded most lapidly along the joints. The coarse textured 
granites weather somewhat inoie rapidly than do those ol finer tex- 
ture, and in geneial the fine textured granitCi* are more desirable 
loi dimension stone. 



Fig 4 7 Residual boulders in Southeastern Missouri These boulders are 
formed in place by i^cathciing along joint planes in the granite (W. A, Tarr by 
courtesy of Mrs W A I arr) 


Commonly associated with granites and related to them are peg- 
matites, which are coarse and irregulai textured igneous rcxks com- 
posed dominantly of c^uart^ and potash feldspar, and frequently also 
with plagioclasc. Although pegmatite is a textural term, because 
the great bulk of pegmatites are of granitic composition granitic 
pegmatite is understcxid, unless the use of the term is qualified. 
Biotite and muscovite are common accessories in the simple pegma- 
tites, and black tourmaline is not unusual. In the more complex 
pegmatites, a great variety of minerals may be present; and concen- 
trations of compounds of some of the rare elements, such as beryl- 
lium, lithium, boron, fluorine and others, may be found. The 
pegmatites cxrcur as irregular masses, as dikes, and as sills in a great 
range of sizes. Fig. 4-8 shows a typical CKCurrence of pegmatite sills 
with pinch and swell structure. In many areas lit-par-lit injection of 
pegmatite stringers^ veins, and sills converts schists into gneisses or 
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migmatites. Many of the larger bodies of pegmatites are worked for 
feldspar, if feldspar masses large enough and clear enough are pres- 
ent to permit the operation. Muscovite mica may make up a con- 
siderable portion of some pegmatite masses and some pegmatites are 
worked for mica. Locally, gem bearing /ones are encountered, as 
shown in Fig. 4-9. The semi-precious stones, tourmaline, aqua- 
marine, and topaz, occur as p<x:ket or cavity minerals in pegmatites. 


4 

M 



Fig. 4-8. Pegmatite sills with pinch and swell structure, Pemaquid Light, Maine. 


The coarse and irregular texture of the pegmatites appears to btf 
due to the large content of mineralizers, notably water, fluorine, and 
boron. Many pegmatites at least, are late products of the crystal- 
lization of a granite mass. An interesting and peculiar textural 
variety known as graphic granite is not uncommonly found in the 
pegmatites. Skeleton quartz crystals intergrown with feldspar give 
the roedt the appearance of carrying Runic writing. Whedier this 
graphic structure is a result of replacement or simultaneous crystal- 
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Fic 4 9 Gem beaiing zone in pegmatite (Maine Geological Survey) 


lizatum of the quartz and feldspar is uncertain. Fig. 4-10 illustrates 
a polished specimen of graphic granite. 

Syenite. Syenites are grained igneous rocks composed essentially 
of potassium feldspar. Biotite and hornblende are cximmonly oc- 
curring accessories. The average syenite has from 80 to 85 per cent 
feldspar. Quartz, however, is lacking or present only in small per- 
centages. Syenites are not as widely distributed as the granites. 
Their common geological occurrence is in association with granites. 
They form marginal facies about granite intrusions and CKCur less 
commonly as dikes and iriegular bodies. Stex-ks and laccoliths have 



Fio. 4-10. Graphic granite. 
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also been described. The general properties of syenites are similar 
to those of granite. Because of the rarity of syenite, it is of little 
commercial use as structural material, and scant data on its physical 
properties are available. At Little Rock. Arkansas, a nepheline 
syenite has been quarried for a number of years. This syenite has a 
compressive strength of 17.800 pounds per square inch, an absorption 
of 0.89, a porosity of 3.84, and a weight of 157 pounds per cubic foot. 

Dinrite. Diorites are grained igneous rocks composed domi- 
nantly of sodic plagioclase feldspar with either hornblende or biotite 
as the chief dark constituent. Commonly feldspars make up more 
than 50 per cent of the rock. If quartz is present, the rock is termed 
tonalite or quartz diorite. Diorives occur as marginal facies about 
granitic intrusions and also form large intrusive masses, as well as 
occurring as dikes and sills. It is a more abundant rock type than 
the syenites but less abundant than the granites. With change to a 
more calcic plagioclase feldspar and an increase of ferto-magnesian 
mineral, so that the rock is more dark than light, the diorites pass 
into gabbros. The tendency is to call the rock a diorite. however, on 
the recognition of hornblende, even if it makes up more than 50 per 
cent of the rock, because of the common association of hornblende 
with sodic plagioclase, the feldspar that characterizes the diorites. 
Diorites have been used more for crushed stone and for monumental 
and decorative purposes than for structural purposes. Data are not 
available on their physical properties as building stone. They are 
more diflit ult to quarry than the granites because of the Common 
lack of favorable joint systems. 

Gabbro. Gabbros are grained igneous rocks composed of calcic 
plagioclase feldspar and typically with augite as the dark accessory 
mineral. Ordinarily, the augite makes up more than 50 per cent of 
the rock. Biotite is not common in gabbros. Olivine, however, is not 
uncommon, A special variety of this rock, having little pyroxene 
present, is the almost pure plagioclase feldspar rock called anortho- 
site.. Gabbros are less abundant probably than the diorites. They 
underlie large areas locally, however, as in the AdirondackS; and a 
large intrusion of gabbro is found in the vicinity of Duluth, Minne- 
sota. They are known at many other localities. Gabbros, like di- 
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oiites, have been more widely used as ornamental stone than foi 
tonstriK tion purposes. Few tests arc available which indu.ite a laiij^e 
in tcmipiessive strength fiom 13,800 to 5.3,800 pounds pei scpiaie 
inch. The absorption in these few spccimc'ns was less than 0.3 per 
cent in all tests. The weight varies from 180 to 190 lbs per cubic foot. 

Gabbros and diorites frequently are confused. Three methods of 
distinction of these rocks in hand specimens may be used: (1) If the 
daik mineral is detei mined as hornblende, the rock probably should 
be called a diorite even if the daik mineral makes up somewhat over 
50 per cent of the rock. (2) If piimary biotire is piesent, the rock 
probably should be called a diorite, since this mineial is much less 
common in the gabbios than in the diorites (3) If the distinction be- 
tween hornblende and aiigitc cannot be made, color may be used. 
Thus if the rock is 50 per cent or more dark minerals, it would be 
called a gahhro, 

DolctUe, The term dolerite is used in this text as applying to 
intermediate and dark rocks of fine texture, which because of the 
fineness of grain cannot be distinguished as either gabhio or dtoyttc. 
The rock type occurs as marginal facies to basic intrusions, as dikes 
and sills, and alscr as an extrusive rock. It is not uscci as building 
stone but has been used with success as crushed rock. Its toughness 
and good abiasion resistance make it suitable rock for this purpe^se. 

Peyidotite. The gabbros, by a decrease of plagioclase feldspar, 
pass intp a variety made up largely of dark minerals called peridoUle. 
The dark minerals constituting this rock type are commonly pyrox- 
enes. Hornblende and olivine varieties are also known. A special 
variety of peridotite, kimberlite, is of interest because it is a rock in 
which diamonds arc found. 

The Extrusives 

The extrusive igneous rocks are those that have been bnrught to 
the earth’s surface by the forces of volcanism. At the piesent time 
most of the volcanic material is emitted from the chimney-like open- 
ings of volcanoes. In the past, however, a great deal of lava has been 
extruded along rents or cracks in the earth’s crust. This extrusive 
action may be classified as fissure or cential vent in type. 
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Fissure Eruptions. Good examples of the fissure types of erup- 
tion are found in the northwestern part of the United States, in the 
Columbia Plateaus of Washington, Oregon, and southern Idaho. In 
the main, this region is built up of lava sheets which have buried 
the pre-existing topography completely and cover an area of more 
than 200,000 squard miles. Ijxally the lava flows reach a composite 
thickness of over 5000 feet. The Deccan lava plateaus of India are 



Fig. 4-11. Cross-section of a fissnie eruption in Williams Canyon, Arizona Wrficjl e\ 
aggeration X 5. (After W. T. Lee, U. S. Geological Sur\e)) 


of similar origin and extent. Minor flows of this type have occurred 
within historic time in Iceland. One of the best known of these 
Iceland fissure eruptions took place in 1783. The flows occurred 
along a fissure 90 kilometers in length. Most of the lavas that have 
welled out of fissures have been of the basic or dark -colored type. 
Occasionally associated with fissure lava flows are beds of fragmental 
rock material caused by the explosive action of the eruption. Frag- 
mental beds are, however, rare in connection with volcanic eruptions 
of the fissure type. The lavas for the most part were readily mobile 
and flowed over very low slopes. Individual flows are seldom over a 
few meters in thickness; the average is perhaps less than 15 meters. 
Where the fissure eruptions have taken place in valleys, however, the 
thickness may be somewhat greater. Fig. 4-11 shows a section of a 
fissure eruption in Arizona. 
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Central Vent Eruptions. Lavas and other volcanic products have 
found their way to the surface through chnnney-Iike openings fiom 
the earliest times down to the present. At the present time, there 
are two great belts of volcanoes that are either active at present or 
have been active in the recent geologic past. The first of these great 
belts of modern volcanic activity encircles the Pacifac Ocean basin. 
From Tierra del Fuego into Mexico occur many active volcanoes. 
From Mexico to Alaska, with the exception of Mount Lassen, the 
volcanoes are either extinct or dormant. From Alaska down the 
Asiatic coast, through the Philippines to New Zealand, aie many 
active volcanoes. The second major belt extends with a general 
easterly trend thiough the Mediteiranean Area into Asia Minor. 
Othei lesser belts of volcanic activity are the North-South Atlantic 
/one whi< h extends southerly from Iceland and im hides numerous 
islands off the west coast of Africa, and the Afiican Rift Valley /one. 
About 400 active volcanoes are known at present, a good many in- 
active or dormant volcanoes, and many that are extinct. 

Associated Press dispatches from The Ntw York Times concern- 
ing the disastrous eruption of Mount ttna in 1928 follow: 

Rome, Novembei 6, 1928— Mount Etna today appeals ti have sealed 
the fate of Mascali and othei towns on the eastern coast of Sicil), pushed 
foiward slowly but inexoiably by niillionh of tons of licjuid lava vomited 
b> the eruptive craters high up near the volcano's summit, a great fiery 
river looking like a gigantic slab of white-hot steel has reached the out- 
skirts of*Mascali. 

Nothing but a miracle can save it now. It is expected that within a 
few hours nothing will be left of Mascali, a small but flourishing town 
of about 10,000 inhabitants. 

To make the situation even woise the other stieam of lava that 
stopped yesterday, after swallowing up the first few houses of Santalho, 
began moving seaward again today. This renders the destruction of San- 
talfio almost certain and carries Mount Etna’s threat to the very doors 
of the most important town of Giarre. 

Rome, November 8, 1928.— Where Mascali yesterday stood as a kind 
of bulwark against the lava advancing down Mount Etna’s sides, there 
is today a molten waste. Only a few heaps of chaired wieckage floating 
on a river of fuming, semi-liquid volcanic matter mark the spot wheie 
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a town of 10,000 people flourished. That, and, higher up on the slope to 
the left, the (cmctcry, untouched, its marble tombstones showing white 
through the cinderladen air as though mourning the death that has over- 
taken its town.— 

Types of Volcanic Eruption. There are two types of volcanic 
eruption which caA be distinguished but which grade into each 
other— the tjuiet and the explosive. 'I'he thinner and more fluid the 
lava, the less is there likelihood of violent and explosive eruption. 
Volcanoes emitting basic, or dark-colored, lavas are in general of the 
quiet type, whereas those emitting the lighter colored, more acidic 
lavas, which tend to be more stiff and viscous, are commonly of the 
explosive type. This difference between the explosive and the quiet 
type is somewhat analogous to the escape of steam from cornmeal 
mush. When the cornmeal is added to the boiling water, the mixture 
is thin and watery, and the steam escapes easily. As the cornmeal 
swells and the mixture becomes more viscous, the steam escapes vio- 
lently and little craters of the mush are formed. Volcanic cones built 
up of quietly eruptive basic lava tend to be broad with relatively 
gentle slopes, as for example those of the Hawaiian Islands. On the 
other hand, cones built up about the explosive type of volcano are 
made of interstratified fragm'ental material and lava flows and have 
consequently much steeper slopes. 

The Products of Volcanoes. Three types of material are expelled 
from volcanic vents; (1) gases, (2) solid matter, and (.^) la^a. The 
principal gases are water vapor, carbon monoxide and carbon di- 
oxide, sulphur dioxide, hydrogen sulphide, and hydrochloric acid. 

The solid materials emitted include the rock fragments throwr, 
into the air by explosive eruption. According to the sire of the 
material, a variety of names are given. Volcanic dust includes the 
finest material ejected, some of which remains suspended in the 
atmosphere for months before settling to the earth. Tuffs include 
materials less than a quarter inch in diameter. Dust and Volcanic 
tuff are the result of violent explosive eruption. When consolidated, 
the rock is termed volcanic tu0. Tuffs are frequently very porous, 
weak structurally, and susceptible to chemical alteration. The next 
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coarser giade of material from a quarter of an inch up to se\era! 
inches in diameter is called volcanic (imlds Pc^asi/ccl inatciial lu 
(jiiently i\ called lapillt. Mcjre oi less ^lobulal shaped liai>nicnts 
vaiying in si/c Irorn a lew inches to a leu Icct, aie called volcanic 
bombs These are masses ol lava that have partially oi completely 
solidified in the air. If the ejected inateiial is hlfmn full of holes by 
the expansion of the contained gases, pumice is foiincd-a son of 
rock fioth light enough to float A Japanese ciuption a few yean 
ago threw so much pumut out ovci the ocean, accoiding to re 
port, that It was possible to walk miles ovei tlu watci on ilu lioiting 
debus 1 aige angular fiagmcntsof consol id.ited lav i also ne Innlcd 
into the an dining the shattering of a volcano in vi >lcnt explosive 
eruptions 

I he third foini cjf material extruded by volcanoes is li(|uid lava 
which pouis fotth as molten lock If on haidcning the suiluc is 
smooth and iop> appealing, it is callexl Jmhofhof II die 1 iv i con 
tiniies to flow aftti the suifaec has crusted a loiigli clinken mass 
results called aa lavas euipted fiom volcanoes vaiy in (lumieal 
composition and tempt laiine, and hence also in fluiditv Some Hows 
may tiavel lot 20 oi iO miles befoie solidifying while otheis liaickn 
as soon as tfiey leave the cratei It has aheady been pointed out diat 
the mcne basic lavas, that is those of darker color, tend to be moie 
fiiiid, wheieas the lighter cc^loied acid lavas arc moie viscous C on 
stc|uenUy pumice is found much moie abundantly about the acid 
type of vcjlcano than it is in association with the basic lavas Many 
basalts, hcjwever, are vciy porous oi cavernous because of the leaven 
mg effect of gases. This type of vtsieulai basic lava is called Houa 

Uses of Volcanic Rocks. None c>f the volcanic locks is used much 
as dimension stone. Diabase has been used occasionally foi monu- 
mental and paving block purposes It has good stiength and takes 
a high polish. It is. however, diflieult to quairy in laige blcxks and 
difficult to work and as a result is but little used The dolerites and 
basalts when not vesicular oi scoriae eons make excellent load metal 
and are used widely in the construction held as eiushed stone This 
rock variety is commonly known as tiap I he term (uip, however. 
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has no geological signiBcance and has been applied indiscriminately 
to several fine textured, dark-colored rock types by the users of 
ciiishecl swme. Many of the felsites are valuable as crushed rock also. 
Both felsites and basalts are wear-resistant and lough. Pumice and 
cellular or scoriaceous basalts are finding increasing use in the manu- 



Fig. 4-12. Columnar structure in lava in Yellow- 
stone National Park (Irwin Douglas) 


facture of lightweight building blocks. Because of their cellular 
nature, these lightweight blocks have excellent insulating qualities 
against heat, cold, and sound. A well-made block is strong, fireproof, 
moisture-proof, and at least 40 to 50 per cent lighter than a sand 
concrete block. 

Structurai Features of Volcanic Rocks. Slight variations in the 
composition of lavas may give rise during the flow of the lava to 
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streaks or laminations somewhat resembling bedding planes in sedi- 
ments. This flow structure is commonly crumpled, irregular, and 
wavy in outline; and the individual flow layers are discontinuous. 
The presence of gas bubble holes has already been noted in the 
prc( eding paragrapli on classification. 

Where the vesicles ot scoriaceous lava haVe been filled with 
mineral matter deposited by waters which circulate through the 
openings after the consolidation of the lava, the rock is called an 
amygdaloid. Amygdular fillings may be distinguished from pheno- 
crysts by their irregular or rounded shapes, and sometimes by their 
mineral composition. The common amygdular fillings are quart/, 
calcite, chlorite, epidote, and a few other less common minerals. 
Phenocrysts are chiefly the common igneous rock-making minerals 
.such as quart/, feldspar, hornblende, bioiite, augite, and olivine. 
Occasionally on cooling, a regular pattern of joints is formed called 
(olumnar structure, as shown in Fig. 4-12. More commonly the 
cracks are less regular. Most volcanic flows, particularly those of the 
ac id type, show a great abundance of joints, which are closely spaced 
and cause the rock to break into many small angular fragments. 

Phenomena Associated with \'olcanis.m 

In some regions of current or recently past volcanic activity are 
found phenomena related to the volcanism. Belonging to this group 
are the^widely known fumaroles, hot springs, and geysers. In the 
course of consolidation either at the surface or not far beneath the 
surface, gaseous emanations may be given off. These gas vents are 
called fumaroles. One of the most famous areas of fumaroles in the 
world is the Valley of Ten Thousand Smokes in Alaska, which has 
been set aside as a national monument. This group of fumaroles 
was brought into existence by the eruption of Mount Katmai in 
1912. This valley, with an area of about 50 square miles, contains 
thousands of vents from which steam and gases escape. The tem- 
peratures of the gases vary from that of ordinary steam to super 
heated steam so hot that it comes forth as a dry gas. 

Also associated with volcanic activity of current or recent date 
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are /lol ffirini's Surface watcis which penetrate tlie ground may be 
heated eithti by contact with icxks not yet cooled or by gaseous 
emanations Irom the \olcanit locks and, re-emerging at the surface, 
give use to hot springs Under special conditions the hot springs 
may be inteimittently eiuptne. Ihtsc inteimittcntly c-iiipti\c hot 
springs aie called One of the best known geyser and hot 

spring aieas in the world is Yellowstone National Park in Wyoming 
Within this aiea ol about 50 sqtiaie miles, thcie aie about 100 



Tic 111 Hot spring terraces in Yelloustonc National Park (Irwin Douglas) 


geyseis and ‘1000 oidinary liot springs. The temperature of the water 
111 the hot spiings \arits liom lukew'ami to boiling. Associated with 
these hot spiiiigs and gcyscis are fiecjuently found deposits of min- 
eral matter precipitated by the waters on their emergence and cool- 
ing at the surface, (.alciiim carbonate and silica are the most 
common materials thus deposited. Fig. 4-1.3 shows terraces built up 
around one of the Yellowstone hot springs, llccause of theii erup- 
tion geysers are spectacular and have attracted thousands of visitors. 
Some geysers erupt a water column to a height of more than 200 
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feet. More tommonly, liowevcr, the eruption reaches lesser heights 
and some sp>ut water only to a height of a feu feet (Fig. 4-14). One 
of the most famous geysers in tlie world is Old Faithful in tlie Yel- 
lowstone National Paik which now erupts at inteivals of about 66 
minutes. The water column is thiown to a height of approximately 
160 feet and dinine each eruption emits 10,000 to 12,000 gallons of 



Fk. 1 M The Iheiinos Bottle Geyser, Ycllou- 
bUme \ uional Paik (I*uin Dtmgl »s) 

water. In addition to the Yellowstone, Iceland and New Zealand 
have large geyser aieas. 

It is well known that the boiling point of water is laised by in- 
creasing pressure. Thus in a tube of water, the boiling point is 
higher at the bottom than it is at the top. Consequently, if the 
water at the bottom of a natural tube is heated as by contact with 
hot rocks or volcanic emanations, circulation will be set up and a 
hot spring may result. If there are irregularities or constrictions in 
the tube such that convection is inhibited, the water below the con- 
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striction may reach the boiling point and enough steam may be 
generated to lift the column of water in the tube al)ove and cause 
some outflow at the surface. This reduces the pressure, and tlie water 
in the lower part of the system may Hash into steam and cause a 
violent eruption. These conditions are shown in Fig. 4-15, from 
Day and Allen. 



Fig. 1-15. Origin of goscis. ( \f(ci Day .inti Allen, roinics) rl 1 he f .iincgie Instiriition 

of Washington) 


The furaarole field of Tuscany north of Rome has been utilized 
as a source of power, and in recent times four central power houses 
have been built capable of generating 25,000 horsepower each. The 
electric power generated is transmitted to several cities for distances 
of 50 to 60 miles. Wells have been driven to a depth of more than 
600 feet, increasing both the temperature and flow of the steam. 
There is a by-product of several gases, the most important of which 
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are carbon dioxide, used as a refrigerant, and helium. Ammonium 
carbonate, b<nic acid, and sodium carbonate are also recovered. 

In C'alifornia 1 ") miles north of San Francisco, eight wells have 
been driven in a small fumarole field. Four of the wells are esti 
mated to be able to deliver TIOO hoisepower each. Similar explcna- 
tions ha\e been made in Java, although to date no lecoid c^f the 
Ktual installation ol power plants diawing on this sc^urce has ccjine 
to attention. In Reykjavik, Iceland, a municipal hot watcT supply 
is chawn fiom the neai by hot springs In the futuie, possibly, more 
use of this energy souice may be made in favoiably situated regions 
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ROCK WEATHERING AND 
THE REGOLITH 


R ocks at or close to the surface of the earth are 
^ subjc-tt to disintegration and d(<ay. rhc disaggregated prod- 
ucts accumulate as “soil.” The protesses involved in rock destruc- 
tion and the properties of the resultant materials merit caieful study 
by civil engineers, for with this class of material many engineering 
problems arise. 

It is at once apparent that the engineer who deals with uncon- 
solidated materials as fills or foundations or as strut tural materials 
for base courses, surfating, or masonry, or tor utilization in sanitary 
engineering, or iti other special ways, is inadetjuatcly trained, tech- 
nically, unless he is familiar with the geological principles involved. 
Heterogeneity rather than homogeneity is characteristic of many 
parts of the regolith. Both lateral and vertical variations in , mechani- 
cal make-up, lithologic content, and structure are common. The 
close student of geological phenomena is in position to appreciate, 
anticipate, and even to take advantage of the heterogeneity where 
it cxi.sts, or to overcome difliculties imposed by it. The modern de- 
velopment of soils mechanics is the residt of attempts by engineers 
to measure quantitatively the properties of the regolith imposed by 
the geologic processes which have formed it and acted upon it, and 
to apply the measurements to engineering practice. In the fields of 
civil and agiicidtural engineering especially, soil studies are of 
high economic im|)ortance. 

At most places on the earth’s surface there exists a greater or lesser 
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thickness ol umonsoliclatcd lotk, the top zone of which suppoits 
organic growths. Only locally is this cover lacking, and sin lace ex- 
posuxes ol ledge are limited. 'I’hesc tine onsolidaied or semiconsoli* 
dated inateiials constitute what is termed the regolith, or mantle 
rock. The regolith may be hundreds of feet thick, or it may be want- 
ing entirely. The itjxper portions of the regolith, in which organic 
substances are incorporated, and which is more or less modified bio- 
logically, is the soil. Engineers extend the term soil to include all 
regolith material. 

The regolith consists of two major groups of materials: H) 
residual or sedentary materials, developed in situ by the mechanical 
and c hernical proc c*sses of roc k alteration and acc umulation of certain 
types of materials, and (2) transpoited materials, which have been 
remo\cd from their place of origin and redeposited by one of the 
se\eial geological agents. A classification of the regolith, based on 
these two major siibcli\ isions. is shemn in T*ibie 5.1. 


T\Bir f).!. (]i \ssiric\iioN of ihi Ric.oiith* 


Sedentary 


"Rc’sidual deposits 

I 

I 

I^Camiulose deposits 


Residuals giavels, sands and class, 
lateiiie, etc. 

jTeat, muck, and swamp soils, in 
I pai t 

I Malls, oiganic oo/es, cerquina, in 
-^pait 


LCdiemical piecipitatcs as salt, etc. 


(oa\it) deposits 


Alluvial deposits 


Transported { - , 

* I Lolian deposits 

Glacial deposits 
Lacustrine and 
Mai inc deposits 


Talus and cliff debris, material of 
avalanches, eaith flow and earth 
creep 

Modern alluvium, marsh and 
swamp deposits, in pait 
Wind-blown material, sand dunes, 
and loess, volcanic dust, etc. 

Till and stratified drilt 
Beach and bottom deposits 


Modified after Merrill. 
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As shown in Table 5.1, sediments can be cla.ssified on a genetic 
l)asis a((<)iding to the agent of deposition: for example, rolian, or 
wind-l)h»wn dejjosiis; fJuviatile, stream-borne sediments; nunine, sea 
deposits; or glacial, deposits left by ice. In the field, the geologist 
attempts to infer the origin of the sediments which he encounters. 
In this attempt he k often successful. Frequently, however, the con- 
ditions of deposition are debatable; and there arc several other 
schemes of cla.ssification that can be used. 

Mechanical Analyses. The separation of the various grade sizes 
composing a sample of the regolith is one of the first steps in the 

j^.i 1 .1 

3" 2" I" i 4 A 10 20 40 60 lOO 200 U_^^ondord Sieve No 

I I I I M I I I I I I ■ 


Grom Oionneter, mm 

10 10 0 1 0 01 0 001 



Lorge Grovel Medium Fm* Coorse Medium Fine Very Fine _ 

USBS Clossificotion Grovel Grovel Sand Sond Sond Send Silt Cloy 

GRAIN Size DISTRIBUTION 



200 too 48 26 14 8 
Sitvt Sues 

Fig. 5-1. Ciimiilaiive* graph of mechanical analysis above, with histogram representa- 
tion, Ijt^ow. 
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laboiatory studies The most widely used methods of mechanical 
analysis aic scueniiii* and hydronutn analysis Flic results of 
muhanical analyses aie shown e^iaphu ally in scscial ways Histo 
giams (lig 5 1) show^ the eomposition efftt lively More useful to the 
engineer, howe\e'i, aie the eumulatixe giaphs Fig 5-1, a eumulatnc 
eunc, shows this means ol piesenting medianieal analysis elata 
Geoleigists commonly classify rcgolith mateiials ace ending to tex- 
tuie, the same praetiee folleiwcd hy engineers The U S Ruieau of 
Pul)li( Roads and many enginceiing laboratoiies classify the clastic 
scdiirunrs as o^xwel, sand, silt, and clay, aceoiding to dimensions 


f.l i\cl 

Cneatei than 2 mm 

Sand 

2 mm— 0 0 ) mm 

Sill 

0 05~0 OO*) mm 

Cl. 

Less than 0 005 mm 


\'«nious giade si/es occur mixed in the sediments In unconsolidated 
sediments the mixtuies gne rise to saiious soil teims such as silly 
(lay (lay loam, ham, and the like The U S Bureau of Reelainaiion 
c lassification of soils is the basis c)l Fable 5 2 an alleinativc classifica- 
tion in giaphie fcjrm is shown m tig 5 2 

Various attempts ha\e been made to classify soils into groups 
aecoiding to engineeiing piopcitics None of the classifications has 
been entiiely satisfactory although several have been widely used 
The e^Hintless possible vaiiations in soils and their pioperties make 
elassihcation schemes based on engineeiing piopeities of somewhat 
limited value Diveise soil types may have similai lesponses to a 
given stie‘ss conditicm or eonveiscly, similai soil typers m.iy leaet 
quite differently undei similar stiess conditums Finthe^i, soils which 
react similai ly undci ccitain conditions may diffei maikedly in their 
response to other conditions tadi individual engineeiinfi^ hohlem 
rdating to the legolith demands individual analysis, based on studies 
of the paiticulai mateual involved The classification presented in 
Table 5 3, in summary and abbreviated foim, is one used by many 
ivil engineers, and in conneetion with Table 5 2, the Bureau of Re- 
clamation cldssifrcation of soils types, is of interest The table is self- 



Table 5.2 Soil Types— Identification and Description'* 
Coarse-Grained Soils^ 


•1 YIM- 

Kin.n 

IDENTIFICATION*’ 

c.Roi;r 

svMnoi.** 

•| YIMf'M. 

NAMIS 

(irtwels* 




! 


Clean gravels (little 
or no fines) 

Wide range in grain 
size and substantial 
amounts of all intci- 
mediate particle sizes 

GW 


Well -graded gravels, 
gravTl-sand mixtures, 
little or no fines 



Predominantly one 
size or a range of sizes 
with some intermedi- 
ate sizes missing 

GP 


Poorly graded gravels, 
gravel-sand mixtures, 
little or no fines 

(»ra\cls with fines 
(appreciahle 
amount of fines) 

Non-plastic fines (foi 
iderKifirntion pro- 
cedures see ML below) 

c;m 


Siltx gi axels, pool lx 
graded gi axel-saiid-silt 
mi\uir<‘s 


1 

Plastic fines (for identi- 
fication protedures sec 
CL below) 

Gc: 


C lax ex giaxels. ]MM>rIx 
gradeil giaxel saiul- 
cl.ix miMuies 

Sands*' 






C'lean sanils 
or no fines) 

(little 

1 

Wide range in grain 
sizes and siilistnntial 
amounts of ail inter- 
mediate particle sizes 

sw 

i 

W'ell-giadtMl sands. 
gr<ix(‘)lx sands, htilc oi 
no lines 



Predominantly one 
size or a range of sizes 
with some int^medi- 
ate sizes missing 

SP 


Poorly graded .sands, 
gidxelly sands; little 
or no fines 

Sands wiili fines 
(appiTciahie 
amount of fines) 

Non-plastic fines (for 
identification proce- 
dures see ML Ixdow) 

SM 


Silly sands, poorly 
graded sand-silt mix- 
tures ^ 



Plastic fines (for iden- 
tification procedures 
see CL below) 

sc 


Clayey sands, poorly 
giadcd .sand-clay mix- 
tures 


fnfaufmtion required for dt'srrihing soil.s: (iivc typical name; 
indicate approximate percentages of sand and gravel; maximum 
size; angularity, surface coiulition, and hardness of the coarse 
grains; local or geoloic name and other pertinent descriptive 
informatioh; and symbol in parentheses. For undisturbed soils 
add information on stratificaiion. degree of compactness, cemen- 
tation, moisture conditions and drainage characteristics. 

Example: Sihy sand, gravelly; about hard, angular 

gravel panicles i/^-in. maximum size; rounded and subaiigular 
sand grains coarse to fine; alioiii nou-plastic fines with low 

dry strength; well conipacied and moist in place; alluvial sand: 
(SM). 
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Fine-Grained Soils^' 




1 

r;Koi;i> 


1 ^ IT 

ibi N I'll K.A 1 ION PRoru niiKr.s'^ 

MKOt s 

1 \ I'IC.Vt, .NAMLS 

Silts ntid 
Clays 

l>iy .Stiengtii Dilatanev 

(C.iusliing (Keatlioii 

Cli.nacteiis- to .Shaking) 

ti< s) 

T oa^hnrss 
(Gonvisteru y 
Neat Plastic 

I l.iiiiit) 




None to slight f)tiick to 
slow 

None 

.Ml. 

• 

Inoiganic silts and 
very fine saruls, 
lock flour, silly or 
clayey fine saiirls 
ivith slight plastic- 

l.itpiid limit 
less than 
fiO 

.Medium to None to 

high very sitiu 

.Medium 

CL 

liifiigaiiic cla\s of 
low to medium 
plasticity, giavelly 
cluvs, sandy clays, 
silty clays, lean 
clays 


.Slight to me- .SUiv\' 
diij m 

Slight 

OL 

Organic .silts and 
organic silt clay.s of 
low |>lasticity 


>ligin to me- Slow to 
dium none 

Slight to mt*- 
diuin 

MH 

Inorganic sills, mi- 
caceous oi diatoma- 
c'coiis fine sandv oi 
silty soils, elastic 
sills 

Liquid limit 
gi eater 
than 50 

High to veiv None 
high 

High 1 

1 

c:h 

Inorganic cl, ays of 
high plasticity, fat 
cla>s 

1 

Medium to None to 

Slight to me- 

OH 

Organic clays of 


high vciy slow 

dium 


medium to high 
plasticity 

Highly oi- 

1 Readily identified bv 

coloi, odor. 

Pt 

Peat and other 

gamc soils 

.spongy feel, and frequent 1> libioiis 
textuie 


highly organic soils 

^ ' 

1 Information lenuitcd: 

Ciivc tvpital 

name, indicate tlegree and 


• character of plasiicitv, amount anti maximum si/c of ctiarsc grains, color 


111 wet contliliciM, ikIoi if an>, local or {geologic name and other pciti- 
iieiii descriptive infonnation. ant! sviiilwl in pa ten theses, l-'or undis- 
turhed soils adtl infonnation on strut tiirc, stratification, ronsisleiicy in 
undisturbed and remolded states, moisture, and drainage tonditions. 

Example: Clayey silt, brown; slightly plastic, small percentage of 
fine sand; numerous vertical rcxil holes; firm am! dry in place; loess; 
(ML). 

“After a chart prepared by the U. S. Bureau of Reclamation. 

^ More than half the mateiial is larger than No. 200 U. S. Standard sieve si/e. A 
particle of the No. 200 sieve size is about the smallest visible to the naked eye. 

Kxcluding panicles larger than 3 inches and basing fractions on estimated weights. 

If null flat \ f Inwifiraliojts: Soils possc!.ssing chaiaclcristics of two gioups are dcsig- 
nutetl by combinations of gioup symbols. For example, GW = GC = well-gradctl 
gravel-sand mixtuic with clay biiulcr. 

* More than half of coarse fraction is larger than No. 4 sieve si/e. For visual classi- 
fication the i^-inch si/c may be u.sed as equivalent to the No. 4 sieve size. 

' More than half of coarse fraction is smaller than No. 4 sieve size. 

•More than half of material is smaller than No. 200 sieve size. 

** On fraction smaller than No. 40 sieve size. 




Table 5.3 Tabular Summary of Characteristics ot Subgrade Soils* 
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explanatory. Soils assigned to the A-1, A-2, and A-3 groups, with 
high internal friction, generally are satisla<tory foundation ma- 
terials; soils of the A-4 and A-5 gioups are variable but generally 
suspect: soils of the y\-.5, A-6 groups are commonly unsatisfactory; 
and the organic soils, of A-8 classification, are generally unstable. 





/ 
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Fir,. 5-2. Soil clas.siHcation triangle. 


The Soil Profile. Another method of classification is based on the 
soil profile. The regolith, whether sedentary or transported, under 
favorable conditions supports a greater or lesser amount of vegetation 
and displays characteristically a scries of more or less readily recog- 
nized zones or “horizons”. This sequence of layers or zones is termed 
the soil profile. Three distinct zones are recognizable as shown in 
tig. 5-3. The A horizon is the zone in which organic life is most 
abundant, including many microscopic organisms; and this is, of 
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Fig. 5-3. The soil profile. 


course, ihe zone of tillage. It is, characteristically, in the humid 
regions, the zone of Iccaching and cluviation— eluviation being the 
wa.shing out of the finer soil particles. The B horizon, or zone of 
accumulation, is the zone enriched by materials derived from the 
overlying A zone. The C horizon is the parent regolith material. 
It is obvious that conditions of weathering, namely, climate, ground 
water conditions, slope, vegetation, and other organic faotors, as 
well as the nature of the regolith material from which the soil has 
been formed are important in determining the character of the 
soil profile. Indeed, at many places, because of the recency of deposi- 
tion, the character of the processes acting upon the regolith, or the 
kind of material composing the regolith, the typical zoning into A, 
B, and C horizons is ill-defined or absent. Locally, also, rapid re- 
moval of the soil inhibits the development of the noriml profile. 

The Weathering Processes 

All rocks at or near the earth’s surface are subjected to the 
processes of weathering. Some resist the attack successfully and are 
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(juitc stcibli* in)(k‘i' sinl«'i(c or ncai-siiittU c (oiiditioiis. Others un- 
(lci.t>o prolound ahciaiioiis. Two type s of ( han^c arc induclccl iincler 
the General licad ol ucathciinjf*. I hese arc (1) physical or incchani- 
eal changes and (2) chemical changes. Although trom place to place 
on the eaith’s .suTface. the c*fFc*cts ot one oi the other of the weather- 
ing processc*s may he* dominant, they are eonconiitant processes, ex- 
e lining simultaneously; mechanical weatheiing is usually attended 
by some dc*gree of chemical weatheiing, and chemical weathering 
allects to a dc*giee, at least, mechanical hieakdown. 

Mechanical Weathering. Mechanical weatheiing is the break- 
down of a rock mass into smaller panicles without chemical altera- 
tion. There are two chief types of this mechanical weathering. The 
hist of these, called hlndi (lisintegjatioru results from the develop- 
ment of joints which break the rock mass into large numbers of 
individual blocks or fiagnients. The second type, called gianulat 
di\integ)aii()U, results fiom loss of cohesion between the individual 
mineral grains, so that the rock becomes an incoherent granular 
mass. Granular disintegration is limited to the coarser-grained rocks 
and affects particularly such rocks as the coarser-textured granites. 
Block disintegration affects rocks ot all textures. It is particularly 
conspicuous, however, in the finer textured varieties. Besides block 
and granular disintegration, abrasion and impair mechanically com- 
minute rocks. 

Temperature Effects. Changes of temjjeiaiure effect changes in 
the volume of rock masses. As the outside portion of a rock mass is 
heated, it expands, and both tensile and shearing stresses are set up 
between the external and internal portions. Not only do the outside 
and inside parts change volume differentially, but also the minerals 
composing a roc'k have different coefficients of expansion. Further- 
more, the coefficient of expansion in most minerals varies according 
to the crystallographic direction. 

I'here is a difference of opinion as to the range of temperatures 
necessary to produce rock destruction. Professor Blackwcldcr* con- 

'Blackwelder, E., “Fiie as an Agcnl in Rock Weathering.” fotn. Geoi, Vol. 35, 
1927, pp. 134-140. 
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eluded from a senes of experiments that most rotks can withstand 
rapid heating and tooling thiough a lange of ‘100° C Inasmuch 
as the maximum daily range of tcmjicraturc due to insolation is 
probably not ovtr 7")°, he tom hided that diurnal changes in tem- 
poratuie ueie unimpoitant in lotk destiiution The observations 
of many geologists, lioivever, would seim to induatc that noimal 
temperature vaintions hast pioduted disiupiing effects Possibly 
fatigue plays a part loiest fires have undoubtedly swept o\er 
wooded areas from time to time ever since the development of trees, 
and a tonsideiable amount of rock destiuetion tan locally be attiib 
uted to fire Imidcntally, fiit has been used to tausc spalls of 
dimension block size in quarrying granites in some areas 

host 4(tio7i When the temptiatuic lange is siit h lhal ahtinate 
freezing and thawing occur, clisiupting effects due to the expansive 
forte of watei tonhned in the lotk may be effective Flu absoipiion 
of most of the igneous rocks is so low that block lathei than granular 
disintcgiation commonly itsuhs fiom this process 

Abrasion, Impact, and C tushinir Roeks art bioktn mtchanitally 
also by various prottsscs involving movement, pniicnlaily of one 
rock mass over or against^nother Ice sheets, toi example, have over- 
ridden laige areas of the eaith’s crust resulting in the pioehietion 
of bicjkcn lock mateiial down to the finest t lay sizes In swift flowing 
streams, both abrasion and impaet may eaiise rotk comminution 
Along the shoits of lakes and seas, wave action has produced note- 
worthy meehanital effects The abrasive action of aitifieial sand 
blasts in cleaning up icxk structures and finishing dimension stone 
IS familiar to manv, the natuial sand blast, particularly in the dry 
regions, produces similar lesults in nature Typical effects of these 
agents upon the shapes of pebbles aic shown in Fig 5-4 Less im- 
portant, but locally noteworthy, is the grinding and crushing some- 
times developed along dislcKations of portions of the earth’s crust 
called faults 

There arc other minor causes contributing to rock disintegration 
Among these might be mentioned tlie wedge action of growing roots, 
the crystallization ol minerals vithin or on the surface of r(x.ks, and 
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the action of organisms Man himself tliroiigh his excavations and 
o{xtations on and uithin the earth has < uised or promoted in the 
aggiegati a gieat deal of loe k breaking 







Fir 5 4 SInprs of pebbles of difftrint onRins A loiiiulcd B sub 
rnundtd C in^iilir 1) discoid 1 f iccitd and stiiited ^iiciil pebbles F 
nicikintcr faceted bv uind bhmn suitl \bout one (t i th nituril si/e 
CoiiiUs) of the Mc(»i ii\ Hill Book ( om| oiy 

Summary The conditions that favoi mechanical weatheiing are 
large temperatuic ranges aiidity, and steep slope The large tem- 
perature ranges arc found in the highci latitudes and in the desert 
regions Steep slopes promote mechanical lock destruction by the 
commonly rapid removal ol the bioken fragments, thus preventing 
a blanketing effect of accumulated material The mountainous and 
the dry regions are also areas of stio ^g wind action, and present-day 
glaciers are found only in the high latitudes oi high altitudes The 
marked diurnal changes of temperatures in the deserts and the large 
seasonal range of temperatures in the higher latitudes are well 
known and need no special comment 
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Chemical Weathering, Chemical weathering is the alteiation of 
ro<.ks by means of miiuiaIogi(«ii or clu^miral (han^es indue e<I by 
siiiruial agents. The atmosphere consists of niitogeii, oxygen, tai- 
bon dioxide, several inert gases, vaiying amounts o( moist ine, and, 
occasionally oi locally, acid constituents given off by volcanoes or 
industries. The ae^tivc ingredients concerned in rock weathering 
are oxygen, carbon dioxide, water vapor, and acids. These are dis- 
solved in the moisture which falls as precipitation, and they may 
be cairied into the rock as a certain amount of moisture penetrates 
the earth’s surface. Decaying vegetation and the soil air also con- 
tribute organic acids, carbon dioxide, and oxygen to the water which 
penetrates the ground. The chief processes of chemical ucatlu^iing 
then, are oxidation, hydration, caihonafion, and solution. As a re- 
sult of these, silica is often lost from the silicate minerals, the process 
of silica abstraction being termed by some dcsiluutum. 

Of the elements known (some 103 in number), eight make up the 
great bulk of the outer portions of the c*arth These are in then 
order of abundance:^ 


Ox>gen 

Weight Per Cent 

46.60 

Silicon 

27 72 

Aluminum 

8.13 

Iron 

5.00 

Calcium 

3.63 

Sodium 

2.83 

Potassium 

2.59 

Magnesium 

2.09 


98.59 


Thus, all the other elements, while Icxrally concentrated, make up 
only 1.41 per cent of ihe outer portions of the earth. It will be noted 
in the previous discussion of the rock-making minerals that these 
eight elements, in various, combinations, make up the relatively few 
minerals which constitute the great bulk of the earth’s observable 
solid pcjrtion. Of these elements, oxygen, silicon, and aluminum fre- 

■ Mason, Uii.in, Principles of Geochemistry, Wiley New York, 1958, p. 46 
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qucntly act as a gioup. Under the influence of chemical wc'athenng, 
.ilumituim, silccon, and oxygen jointly tend to take on water, form- 
ing one of the stable c lay minerals. Potassium, calcium, sodium, and 
magnesium commonly unite with cathon dioxide and oxygen to 
form the carbonates which are soluble in the presence of excess car- 
bon dioxide or in the presence of acids Iron takes on oxygen and 
water, forming stable hydrated iron oxides. It should be fully rccog 
ni/ed, however, that other combinations take plac e, as for example, 
the foi matron of non carbonate or potassium hyclioxide. 

C^iemical reactions can be w'ntten for some of the alterations, 
liecausc of the complexity of the weathciing process, it is not certain 
that any ol the following chemical reactions actually take place in 
nature; but they nevertheless |xiint out the trend of altetation. 

The Feldsfuns. Oithoclase may be nansloiined under the in- 
fluence of chemical weathering directly into kaolinitc. The reaction 
may be written- 

2 KAlSigOg + CO, + 2 11,0 = II,Al,Si,0„ + 4 .SiO, -f KjCOj 

OithticHsc K oliMite 

Fiom this equation, it is seen that oithoclase, undei the action o£ 
caibon dioxide and water, may form kaoliiiite with the libeiation 
oi silica and potassium carbonate. The silica libeiated is not to be 
thought of as quaitz, Imt as soluble oi colloidal silica— piobably the 
latter, which may subsequently become ejuartz on ciystalli/ation. 
It piobibly often happens, however, that the oithoclase does not 
change into kaolinite directly but into some intciimdiatc silicate. 
Plagioclase teldspais alter in much the same way. Albite. oi the soda 
feldspar, for example, may alter into kaolinite. The leaction for 
this change may be expressed as: 

2 NaAlSi,0« + COo + 2 H 2 O = H^Ak^SiaO^ + 4 SiO, + Na^COg 

Albite Kaolinite 

The change may be to a mica instead of kaolinitc. For the lime feld- 
spar, anorthitc, a reaction to kaolinite can be written as: 

CaAl,Si,0, +.COj + 2 lUO = H^Al,Si,0„ + CaCO, 

\nortlutc K loliiuh 

It has already been noted that the fcldspais aie the commonest 
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of all minerals. It should be remarked, also, that the soda and the 
lime feldspar virtually always occur in nature in (umbination with 
each other. Various products of alteration other than thtjse indi- 
cated in the preceding equations are jx)ssible and frecpiently occur. 
Examples of these are epidoie, zoisite, and the zeolites. Under cer- 
tain conditions of extreme sveathering, the kaolinite formed is trans- 
formed by desilication into the hydrous aluminum oxide, gibbsite, 
the chief mineral constituent of the aluminum ores. 

The Mica.’i. Muscovite mica is, in general, stable under condi- 
tions of weathering and is common in weathered materials. Biotite, 
on the other hand, is less stable and commonly alters into chlorite 
and epidote. The complexity of reactions of this type is illustiatetl 
in the following equation showing the transformation of biotite to 
epidote: 

6 HoKjMg.FeAl^.SiflOa^ + 20 CaCOj -f 4 CO.^ 4-30 = 

B'otitc 

2 (H,Ca,„Al,.,Fe,Si ,50 J -f 6 .SiO, 4- 18 MgCo, -f 6 KXO, -j- Hp 

Kpnlote 

It is somewhat doubtful, however, if the reaction in nature actually 
follows that just shown for the development of epidote from biotite. 

Amphiboles and Pyroxenes. Amphiboles and pyroxenes are com- 
plex series of minerals, formulae for which are difficult to write. 
Hornblende, a common amphibole, approximates NaCa 2 (MgFe), 
AlSi.,022(0H), and augite, a common pyroxene, (Ca.Mgi)(Mg,Fe) 
(Al,Fe )2 SijOp. Both the pyroxenes and the amphiboles are analo- 
gous to the plagioclase feldspars in that each constitutes an iso- 
morphous series. Because of the chemical complexity and variability 
of both augite and hornblende, the common representatives of these 
groups, no attempt will be made here to write out illustrative chemi- 
cal reactions. The trend of alteration, however, is well known. Both 
augite and hornblende alter to epidote and chlorite, chlorite being 
the more common product of weathering. More complete weather- 
ering leads to the formation of kaolinite and the iron oxides, and 
the carbonatiem of calcium and magnesium. 

Olivine. Olivine, a common constituent of the basic igneous 
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rocks, commonly yields serpentine on weathering. The reaction 
might be expressed by: 

f) MgFcSiO^ + 4 n/) 4- = 2 H^Mg-jSi/), + 2 FejO^ + 2 SiOg 

Olivmr Serpentine. Magnetite 

Summary. The mineralogical changes that have been indicated 
are in the direction of simplification, with the ttadency to produce 
as end products of weathering the clay minerals, represented by 
kaolinite, and the hydrated iron oxides. Quartz remains unchanged, 
although it ma) be comminuted in the process of rock destruction. 
In the alteration of the silicate minerals, it should be noted that the 
silica is removed either as a colloid or in true solution. It is not 
removed as ejuartz. Calcium and magnesium Cdibonate and silica 
are taken into solution and may be redeposited either locally or 
elsewhere. Potassium has an affinity for clay and tends to remain 
absorbed or ^idsorbed by the clay panicles. Sodium is eliminated 
in large measure, forming salt deposits or eventually finding its 
way into the sea. The ferrous iron is largely oxidized to the ferric 
form and remains in the soil as hydrated ferric oxide. Ordinarily 
there is little change in the total content of alumina in the rock. 
Water is almost invariably increased as a result of the weathering 
processes. Intermediate products of weathering include chlorite, talc, 
epidote, and a few others. 

The conditions which favor chemical weathering are warm, 
humid ciiimates, vegetation, and gentle slopes. Thus it is that the 
humid tropics and subtropics of lowland character are the regions 
that most favor chemical alterations. The badly leached, sterile, led 
soils (laterites) so widely found in these regions testify to the efficacy 
of the chemical alterations. It should be emphasized again, how- 
ever, that the mechanical and chemical processes of rock destruction 
are complementary and contemporary prexesses and that in most 
places at most times the two types of alteration are proceeding si- 
multaneously. 

It is interesting to note that the order of susceptibility to the 
weathering processes shown by the minerals of the igneous rocks is 
similar to the order of crystallization, or the reaction series as given 



86 


GEOLOGY FOR ENGINEERS 


on page 40. The basic mincials are the most susceptible to chemical 
iihetation, mustovite and (piattr the least susteptibic. When all 
the pKKliKts ol sveatheimg are tonsidtied, a laigc increase ot volume 
is shosvn. The minerals resulting from the alteration are in general 
those of lower specific giavity. The weathering changes are those 
necessary to bring the rock into harmony with the environment and 
represent a type of adaptation to environment. 
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CHAPTER VI 


MASS PROPERTIES OF 
THE REGOLITH 


A BLANKET OF UNCONSOLIDATED OR SEM ICONSOLIDATED 
material composed ot mixtures of particles of varying; sizes of 
varying mineral and lithologic components, and with varying amounts 
and kinds of organic substances covers much of the earth’s surface. 
Locally the blanket is thin; locally ir is thick; and at some places it 
is missing entirely, where bare ledge outcrops at the surface. This 
blanket of ‘"soil” is the regolith. The composition, arrangement, and 
structures of the regolith must be known so far as they influence the 
engineering properties of bearing loads, drainage characteristics, 
utility as construction materials— fills or aggregates, or slope stability. 

Many engineering structures are founded on or in the regolith. 
Generalizations as to the bearing strength and other engineering 
properties may be found in the engineering literature that in some 
instances are misleading, partial truths, or only locally applicable. 
The realization of the complexity of soils as engineering materials 
and of the need for careful investigation in advance of many construc- 
tion projects has become widespread only within recent years. The 
development of soils mechanics marks a great stride forward in 
modern civil engineering. Inasmuch as the regolith is a result of geo- 
logic processes, geologists have naturally been concerned with the 
study and interpretation of it. The early paper by Ladd (1898) and 
the more recent paper by Mead (1925) are particularly significant 
in the light of recent developments in the field of soil mechanics. 

88 



MASS PROPERTIES OF THE REGOLITH 


89 


Assortment. The regolith consists of both sorted and unsorted 
material. Deposits laid down by water or wind are sorted to varying 
degrees of perfection. Deposits laid down by ice or formed by earth 
movements— for example, landslides or mudflows— or by weathering 
in situ generally have a wide range of particle sizes. Some degree 
of segregation of particle sizes, however, usually -results from any 
movement of rock debris. 

A numerical expression, the sorting coefficient. So, is in common 
use. If sorting is taken as a measure of the dimensional spread of 
particle sizes of a sediment, the coefficient of sorting is a measure of 
the average quartile spread where Q;, >C>.: 

— - — — . /max. diameter of smallest by wt. 

‘ ^ “ V \max. diameter of smallest 25^}^, by wt. 

The quartile values are determined by the intersection of the 25 per 
cent and 75 per cent lines with the cumulative curve (see Fig. 5-1, 
page 72). A difference in coarseness of samples or of units of meas- 
urement is not reflected in this expression. If So < 2.5, the .sand is 
well .sorted. 

Another expression, credited to the distinguished civil engineer 
Allen Hazen, is the nnifor?nity coefficient, U. 

U — 

where is that grain diameter which has 60 per cent by weight of 
the .sample of smaller diameter, and is the grain diameter that has 
10 per cent by weiglu of the sample of le.sser diameter. These values 
are readily read from a cumulative c urve of grain sizes determined by 
mechanical analy.ses, as was .shown in Fig. 5-1, page 72. 

Inasmuch as the grading or a.ssortment of sizes and their propor- 
tions have a profound influence on the amount of mixing water re- 
quired to produce a workable mixture and aI.so on the amount of 
cement required to produce a mortar or concrete of specified 
strength, engineers are directly concerned with the mechanical com- 
position of mineral aggregates. In engineering practice, an empirical 
factor called the fineness modulus is widely used as an index of coarse- 
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ness or fineness of afj;oicgatcs. This modulus, F.M., is obtained by 
taking the sum of the cumulative percentages of material retained on 
each screen of the series, fi". 3", 11/4", and Nc^s. 4, 8, 16, 

30, 50 and 100 of the U. S. Standard Screen Scries, and dividing the 
sum by 100. 

Although no standard grading can be set for all kinds of mortar 
or (oiuiete to pioducc workable mixes of spec died strengths, certain 
letiuiremeius of grading for different purposes are set up by the 
American Society for Testing Materials.* For example concrete 
sands must be within the limits: 


Size 

Pc) Cs( III Passing 

y/' 

100 

No. i 

95 100 

No. 8 

80-100 

No. 16 

50 Hf', 

No. 30 

23 30 

No 'iO 

10 SO 

No. 100 

2-10 


In the United States over $60,000,000 per year is spent (oi screening 
aggiegates and UHcimbining into suitable* giadings foi concrete. 

Particle Shapes: The shapes of the panicles in the legolith are 
likewise c'Xtremelv vaiiable Some sediments consist predominantly 
of nearly spherical panicles, some of flat or scale-like shape's, and 
some of very angular panic lc*s. The' shapes of the* fi.igi.u*nis are 
determined by the nature of the parent material, the pnacc'ss of 
fragmentation, and the agency and extent of transportation. Sedi- 
ments derived from shales, slates, and schists tend to have flat par- 
ticles. Sediments derived from the massive rocks, for example 
c|uartzitcs, lavas, or granites, vary from highly angular to neatly 
spherical, depending on the amount of wear during transportation. 
Clays consisting largely of the clay minc'rals, for example kaolinite, 
are largely made up of tiny scale-like particles, whereas flie clays 
consisting of pulverized rock fragments, for example the glacial 
clays, may consist largely of very angular fragments. The shapes of 

^American Society for Testing Materials Standards, A S J M , bciUiiiioic, Md , JM'jH 
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the fragments have maiked influence on such piopeities of the ma- 
terial as porosity, permeability, and leactitm to load, and also on 
the amount of water and cement letpiited to piodiue a concrete of 
specified workability and strength. 

Mineral Constitxients. In genet al the minerals in a residual soil 
that has been foimed in situ ate inineials of the parent material that 
are resistant to ehemital change. In this category are quail?, zircon, 
tourmaline, muscovite, and often oth(*r minerals in various stages ot 
alteiation. New inineials in the residual soil- the iron c:)xides, man- 
ganese oxidc'S, and day minerals in particular— may predominate. 
If the soil is tianspoi tc^d, the degiee of sorting that is imposed on 
the mateiial depends on the agent of transportation and the envirem- 
nient of deposition. 

]f .1 - regolith materials are the result of mechanical weathering, 
the constituent panicles arc the same mineialogically as the parent 
material. 

Ax many placets, if not at most, the regolith is a mixture of ma- 
(c‘iials that aie in pait the result of chemical alteration and in part 
the result of disintegiation, for the two processes aie complementary. 

Travsporiaiion and Deposition of Sediments 

It has been shown in the preceding discussion that mechanical 
and chemical weathering break down coherent or solid rocks into 
fi«igmen?al, unconsolidated panicles. The products of weathering 
are subject to transportation by any of the geologic agents capable 
of removing them. Wind, water, ice, gravity, and, to a lesser extent, 
organisms are the agents of transportation. The action of these 
agents is taken up subsecpiently, and the forms of the deposits which 
result will not be traced in detail here. 

In addition to the solid particles produced by weathering, it has 
alscr been shown that chemical weathering commonly liberates solu- 
ble substancTs which remain adsorbed or absorbed in the weathered 
mateiial or are carried away in solution by circulating, waters. If 
the latter happens, two possibilities arc apparent: either the dis- 
solved substances aie precipitated or they remain in solution, as for 
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example the salts of the seas. There are various ways in which pre- 
cipitation is brought about, and various types of deposits which 
result. In the present discussion, we are coiucrncd only with do 
posits which form sedimentary masses. 

Stjiuctural Features of Sediments 

Sediments have certain structural features that result from their 
mexie of deposition or from prcKesses acting upon them prior to 
consolidation. These structures of depositional or diagenetic origin 
are primary structures. The primary structures of principal im- 
portance are: stratification, lamination, cross-lamination, ripple 
mark and primary joints. 

Stratification. The most common and the most prominent 
structural characteristic of sediments is layering, called 'stratification 
or bedding. The beds or strata may differ in grain size, grain ar- 
rangement and assortment, color, or mineralogic al make-up, or in the 
combination of these elements. 

The fluid agents of transportation, water or air, are responsible 
for most sedimentary deposits. These agents, because of their fluid 
nature, sort the sediment during its transpoitation, act oi ding to size, 
weight, and shape of the particles. The sediments settle and there- 
fore are in layers of greater or lesser homogeneity. 

Not all deposits of "earth” are stratified, however, for some, the 
residual soils, have not been transported; and not all agents of trans- 
portation are fluid. Ice, for example, leaves till deposits with a het- 
erogeneous assembly of particle sizes and shapes. 

Most sedimentary layers have been deposited on relatively flat 
surfaces and are correspondingly hoiizontal or subhorizontal. Some 
strata, however, have been deposited on inclined surfaces, and the 
resulting inclined layers have an initial dip which may be as great 
as the angle of repose for that particular sediment. 

Most strata have, broadly speaking, lens shapes, although some 
layers are very extensive, covering many square miles. The extent 
of a bed and its degree of uniformity depend upon the conditions 
of its deposition. The most uniform and extensive deposits are those 
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ot the seas- lake, stream, and wind deposits are less uniform and 
».oinmonly less extensive. 

A gradation from toarse sediments of neai-shorc (shallow water) 
deposition to fine sediments of oftshoic (deepei water) deposition is 
common. Storm disturbances, fluctuation in supply of sediment, 
seasonal variations in currents, .ind otiicr distuibing factors give rise 
to irregularities in sedimentation Thus it is that the character of 
sediments vaiies not only vei tic ally hom bed to bed, but also later- 
ally In particular, sediments of stream origin are extremely variable 
both veil It ally and laterally. 

The thickness of beds has a considerable range. In many deposits, 
however, beds have thicknesses of from one inch to one foot. 

Lamination and Cross-lamination. Within beds, or layeis, minor 
units less than one centimeter in thickness are called Inmtnae, 
a deposit with laminae is said to be laminated The laminae may 
he parallel to the bedding planes or at an angle to them. In the latter 
c.ise, the sediment is said to be rrois-laminated Cross-lamination 
(also called aoss-beddtng when the units involved are thicker) is 


Vif fi 1 C loss balding and 
iippk mark Note that the tops 
of the cross beds arc truncated 
md that the bottoms tend to 
luin tangential to the true bed 
dim; 



shown in Figs. 6-1 and 6-2. It will be observed that the tops of the 
cross-lamination are truncated, wheicas the bottoms cuivc concavely, 
to be nearly tangential to the bcdtlmg C'.ross-lamination or cross- 
bedding is often displayed by consolidated sediments that have been 
folded or faulted; hence the deteimination of tops and bottoms of 
beds is possible and often ot gieat assistance in woiking out the struc- 
ture of deformed sediments (F'lg. 9-9). 
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Ripple Mark. Ripple inaiks aie (amiliar to all who have ever 
seen a sdnd(ovcre<I aiea Kipph inaik may lx caused hv wind, 
water cuirents, or wa\ts Oscillatoiy waves loim a tipple mark, 
useful in determining tops and hoitoms ol (hfoiimd beds in miieh 
the same way as (toss lainm ition is used 1 his is ilhisttated in I ig 
6-1 Ripple maik foimed by euiients is less useful 
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Primary Joints. Shiinkage due to watei loss, compaction and 
settlement, slump, and otlui less eommon eauses, gives rise to joints 
in unconsolidate d and partially eonsolidated sediments These ate 
charaeteiistieally shoit, iiregular, and diseontintious In the eoaiser 
sediments the ftaetuie zone geneially does not gap open, but is a 
zone of different and mote open paeking of particles. In the finc- 
textured sediments, especially clays, the cracks may gap open, per 
muting ingress of water. These are the familiar ‘‘mud tracks” seen 
so frequently on clay surfaces that have been wet (Fig O-*!) The 
pattern is sometimes beautifully geometric. 
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Fi<;. 6-S. Mud crackf. 


Mass Properiies of Cohesionless Materials 

For (onvcnicnrc in <lis( iission, but more particularly, because of 
notable differences in engineering properties, two classes of rcgolith 
materials are sepaiated. These arc cohesionless soils and cohesive 
soils. 

The cohesioiiless inaterials—gravel, sand, and silt— display certain 
characteristic mass |irt)perties of fundamental significance in applied 
geology. Porosity, permeability, and dilatancy are of especial im- 
jjortance. 

Porosity and Permeability. Porosity and permeability are often 
confused in common speech. Porosity is the void space in a unit 
volume of material, expressed as a percentage. Porosity n therefore 
is the void volume F* divided by the total volume V: 

n = — X 100 
V 

It is frequently convenient to use the voids ratio e, instead of the 
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percentage of voids «. The voids ratio e is the ratio of void volume, 
V,, to solid volume, V,: 


and 

Then 


Vn 



e = 


V, 

V. 


V„-Vfi 


(r, + v,)n 

V, 


nV, 

r. 


+ +e) 


n = 


e 

r+~e 


and e 


n 

i Ti‘ 


Peimeahilily as applied to soils and rot ks is defined as the prop- 
erty which permits passage of fluids through oi into the mass. I’he 
rate of movement of water through some soils, day foi example, is 
extiemely slow, heme the term impermeable, whith implies a negli- 
gible transmission of water. The late of watei movement depends 
on the viscosity of the fluid, hydraulic gradient, and (oefluitnl of 
permeability. 

Vtscoiity of the Fluid. The diffeiemes in gioundcvatei density 
and viscosity due to temperature variations ate geiieially so slight 
that they aie neglettctl in ordinary civil engineering piactice. 

Hydtaulx (hadtent and the (.oefjuient of Permeability. The 
hydraulit giadient (i) is defined by the thop in head between 
two considered points of a satuiated soil column thiough whith 
water is moving divided by the distant e (/) between the points. 

Thus i = . The distant e I may be a stiaight line or a curved line: 

it is the dishime the watei travels between the considered points. In 
permeable gianulai mateiials with a fiee water table, the slope of 
the water table approximates the hydraulic gradient. The studies 
of Darcy demonstrated the relation betaveen the hydtaulic gradient 
and the rate of laminar flow through this type of material. This rela- 
tion, know'n as Dany’s law may be stated (see also p. 356): 


V = hi or V 


kh 

I 
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The coefficient of permeability, k{cm sec”^), represents the veloc- 
ity of percolation under a hydraulic gradient of unity, that is, through 
a vertical column. This coefficient is taken as a constant and must 
be determined or calculated in each individual case. Darcy's law has 
been found to hold tor hydraulic gradients as low as 2 to 3 inches 
per mile, and up to the critical velocity, i.e., at .the point where 
turbulent flow replaces laminar flow. There are various forms of 
permeameters, and their use constitutes one of the techniques of soils 
met hanics. 

A number of formulae have been developed for estimating the 
pcimcability of well-graded relatively unifoim sands from mechani- 
tal analyses. For the more irregular mixtures of particles, a satisfac- 
toiy formula has not been developed. 

Factors Affecting the Coefficient of Permeability. A variety of 
factois affect the coefficient of permeability. The particle arrange- 
ments, i e., porosity, grading, size of grains, and stratification are 
important. 

Porosity. There is no quantitative statement relating porosity to 
permeability. The size, shape, and continuity of the voids determine 
the transmission of fluids. Without openings, there would be no 
permeability; but high porosity docs not necessarily mean ready 
peicoldtion. Some clays, for example, aie, for practical consider- 
ation, impervious, though having porosities in excess of 50 per 
cent. AsJraser states: “No correlation can safely be made between 
two samples, on the basis of their poiosity, unless it is certain that 
all their other physical properties are identical.” ^ 

Grading. Just as in the case of porosity, there is, in general, a 
reduction in permeability with mixtures of various grade sizes. 
Around the larger fragments, however, there is local increase in 
permeability, due to packing effects. 

Grain Size. Larger openings, which result in more ready percola- 
tion, are found in the coarser sediments. Gravels are consequently 
more permeable than sands. In general, permeability decreases with 

* Fraser, H J , "Expcrimciiul Stud> of the Porosity and Permeability of Clastic 
Sedimenb," Jour.- Geol.t Vol 43, 1935, p. 966. 
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diminishing grain size. The rate of flow through a column of uni- 
form spheres is taken as directly proportional to the square of the 
diameters of the spheres. 

Shape of Particles. The shapes of the constituent particles of a 
sediment are extremely variable. The nature of the parent material, 
as for example, schist, shale, or granite, the amount and type of trans- 
portation, mineral cleavages, and other factors determine the grain 
shape. Increasing angularity generally gives greater permeability. 
Fraser states that “the permeability of even the most angular sands, 
solely because of their angularity, would probably not be greater 
than two or three times that of a well rounded sand.” ^ 

Stratification. Vertical variations in permeability are character- 
istic of sediments. Strata of different sizes of grains, of different states 
of packing, and different degrees of assortment and cementation, give 
rise to different coefficients of permeability. Commonly it is found 
that percolation is more ready parallel to the bedding than transverse 
to it. 

DilaUmey. The arrangement of the constituent particles of a soil 
gives rise to a variety of phenomena of engineering significance. 
Two contrasting limits of packing of mineral grains are: 

1. Densest packing,- in which the void space is at a minimum. 
This is termed maximum density, or close packing. 

2. Loosest packing, in which void space is at a maximum. I'his 
is termed minimum density, or open packing. ' 

Spherical bodies of uniform size such as marbles, for example, packed 
in the closest possible manner have a void space of 25.9 per cent of 
the total volume. In soils mechanics, the voids ratio (see p. 96) is 
more commonly used. In the case of the close-packed spheres under 
consideration, the voids ratio is 0.352. Each of the spheres is in con- 
tact with twelve of its neighbors, and lines connecting the centers 
of any three adjacent spheres define an equilateral triangle (Fig. 6-4). 
It is at once apparent that deformation of the mass, excluding de- 
formation of the individual spheres, entails an increase in volume of 

*Ibid., p. 964. 



MASS PROPERTIES OF THE REGOLITH 


99 



Fir. 6 4 . Spheres in ronlr.istini; stales of packin;;. 


voids. To deform the mass, the individual spheres must lide up over 
the neighboring spheres, with conscfjucnt increase in void volume. 

If the same spheres are packed in the loosest possible manner, 
that IS, so that eath sphere is in contact with six of its neighbors, the 
volume of voids is 47.6 per cent of the whole, or the voids ratio 
equals 0 908. The change from densest packing to loosest packing, 
therefore, gives a volume increase of 41 per tent. The diameter of 
the spheres is immaterial if the spheres are of uniform size. If the 
It regular shapes of natural sand constituents are substituted for per- 
fect spheres, the numerical values for perientagc voids and voids 
ratio change, but the principle that there is a minimum and 
maximum density packing holds. The sand may be so graded that 
a small^ proportion of voids is picscnt than in the closely packed 
uniform spheres. On the other hand, because of iriegular shapes or 
mixtures of shapes, for example flat, angular, and spherical particles, 
the packing may be more open than the loosest packing possible 
for uniform spheres. In brief, the range of fxissible percentages of 
voids in natural rock and mineral aggregates is larger than that in 
the case of the uniform spheres. 

Some consequences of the concept of dense and open packing 
are apparent: 


1. If granular materials in a state approximating open packing 
are disturbed, the mass can undeigo deformation, i.e., change 
of shape, without requiring a volume increase. Intergranular 
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readjustments are readily possible, and the mass tends to fail 
after the fashion of fluids; containing pressures do not tend 
to impart rigidity to the mass. 

2. If granular materials in a state approximating close packing 
are deformed, an increase of volume is required. If volume 
increase is .restricted, the mass takes on rigidity, conflning 
pressures consequently impart rigidity, and the mass tends to 
act as a solid. 

3. If closely packed granular aggregates are deformed, the in- 
crease in void space lowers the fluid or gas pressure in the 
deformed area, with consequent inflow of any available fluid. 

Volume Changes and Deformation. Many sands are composed of 
fragments of irregular shape and size. These irregulaiities, together 
with other factors of packing, such a.s arching, give many sands a 
very open texture, so that on dcfoimation decrease in volume occ urs. 
If the openings are saturated with water, the rate of volume decrease 
is conditioned by the rate of movement of water from tlie deformed 
area. If the water does not escape readily, a hydrodynamic stress 
condition prevails, in which the water carries part or all of the stress, 
at least tem|X)rarily. Plastic failure ensues, i.c., the material fails as 
a fluid. The simple experiment with toy balloons described by 
Mead’* illustrates this point. A toy balloon is "filled with sand and 
water, with the latter somewhat in excess of the amount recjuired to 
saturate the sand in a condition of dense packing. The balloon so 
filled is soft and easily deformed up to a certain point. If squeezed in 
the hand, it suddenly becomes rigid when the volume of voids and 
the volume of water become equal. If more water is added, a condi- 
tion is reached where the balloon is .soft and easily deformed to any 
extent without becoming rigid." The water cannot escape because of 
the impervious container, hence the hydrodynamic condition. 

Deformation causes reduction in fluid pressures if volume in- 
creases are involved. Any available water is drawn into the zone of 
deformation, and the mass becomes more fluid. This principle is 

*Mead. W. J., "Geologic Role of Dilatancy," Jour. Geol., Vol. S3, 1925, pp. 691-2. 



MASS PROPERTIES OF THE REGOLITH 


101 


well illustrated in an experiment described by Mead.* A rubber 
c ylinder, corked at both ends, is filled with sand, with the voids satu- 
rated. A glass tube, bent at tight angles, inserted through a hole in 
one of the corks, and partly filled with colored water, serves as an 
indicator of volume change. Any deformation of the rubber tube 
lowers the level of the water in the indicator. In this experiment, 
a toy balloon can be substituted fcjr the cylinder. It is filled with 
sand, shaken, or patted into a state approaching dense packing, and 
a glass tube is thrust into the neck of the balloon and secured by an 
clastic band. The glass rod leading into a tall narrow graduate filled 
with colored water serves as an induator. Deformation of the bal- 
loon draws the water from the graduate until the sand is in open 
enough packing to fail plastically without volume increase. 

Volume changes of sands subjected to laboiatory tests are also 
illustrative of these prim iples If the test sand is densely parked, i.e., 
in a state re(|uning expansion of volume on deformation, it fails in 
shear as does a solid body. The zone of failure (shear) becomes a 
zone of open packing It is mechanically easier for the material to 
open up thus than for pervasive inteigianular readjustments to give 
volume increase distributed throughout the mass. A curve showing 
shearing stress plotted against shearing strain in deformation of a 
close-packed sand is shown in Fig 6-5. Casagrande® says of these 
curves, "It will be noticed that the shearing stress reaches a maxi- 
mum, Sd— corresponding to the point B on the cinve— and if the 
deformation is continued, the shearing stress drops again to a smaller 
value, .Sfc, at which value it remains constant for all further displace- 
ment During this drop in shearing stress the sand continues to ex- 
pand, as shown in [Fig. 6-5] curve E G, finally reaching a critical 
density at which continuous deformation is possible at the constant 
shearing stress S/,." An explanation of these curves is in acc ordance 
with principles already developed. Dining the shearing, displace- 
ment increases gradually with increasing shearing stress, as the grains 

*Ibtd.,'p. 691. 

*Casagrande, A., “Characteristics of C^ohcsionlcss Soils," Jour. Boston Soc. Ctvil 
Enpneers. 199S, pp. 17-18 
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roll and move over one another in the shearing; zones, necessarily 
accompanied by volume increase, since the sand is initially close- 
fiacked; at point B on the cur\'c, sudden failure occurs. From to C 
shearing stress diminishes as the packing along the shearing zones is 
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Fig. 6-r>. Etrect of shearing; on 
the volume of giaiiular soil (Casa- 
granile). 

Curve A-B, dense sand 
A’C, liHLse sand 
A, fine-grained soil 
D E, dense sand 
F-G, loose sand 
H‘/, fine-grained soil. 

(By tourlesv of the Boston Society 
of Civil Engineers) 


B 


open enough to permit easier deformation. Volume increases con- 
tinue, however, up to the G on the curve, increases which indicate 
a state of open packing along the shear zones. Thus no further 
volume increases are required with continuing deformation. 

If a very open-packed sand is subjected to similar tests, the results 
as plotted on Fig. 6-5 are those to be expected. As the very loose 
sand is dcformcxl, the Of>cn structure gives way to a denser structure. 
The decrease of volume, however, is limited by that state of packing. 
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called by Casagrande® the critical density at which deformation can 
take place without requiring volume increase. 

Effects of Size and Shapes of Grains. Adequate quantitative data 
are lacking for the dilational effects of grading and shapes of par- 
ticles. The coarser sediments, in genera'l, tend to be more closely 
packed than the sediments of fine texture. Iq fact, deposits of silt 
arc almost always in a state approaching minimum density packing, 
whereas gravel deposits are frequently very closely packed. 

Mica flakes— flat or scaly fragments such as schist, shale, or slate 
—in combination with rounded or angular fragments tend to give 
an open packing in the same way as would a combination of ba.se- 
balls and shingles. The more angular and irregular the shapes, the 
greater the volume changes involved in the shift from dense to open 
packing. 

Effect of Grading. Grading is possible, which, theoretically, will 
give a maximum density. The smaller sizes are recpiired in just suffi- 
(ieiit amount to fill in between the larger grains, with smaller sizes 
still to chink up the lesser voids. If each grain finds its proper place, 
a maximum density is secured. In 
nature, tliere are all varieties of grad- 
ing, and it frequently happens that 
small grains lodge between larger 
particles in such a way that density 
is less rather than more. 

Uniform spheres of different sizes 
may have the same porosity (Fig. 

6-6), and mixtures of very diverse 
proportions of sphere sizes may also 
have approximately the same poros- 
ity, Nevertheless, experiments with 

spheres show that the porosity of a f”"- <>-6- Spheres of different sires 
. . with same porositv. 

mixture of sizes is generally less than 

that of uniform spheres. This statement also holds for natural sands 
of irregular grain shape. It is obvious from the preceding discussion 

*lbid., p. 18 . 
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that there is no means of connecting the mechanical analysis of a 
granular material with its porosity. 

Effects of Depositional Agents. The mass properties of sediments 
tend to be those characteristic of the dominant material. A sand 
with few larger pebbles, for example will display in general the prop- 
erties of the sand. Around the pebbles, however, will commonly be 
found somewhat lesser density of packing. The state of packing, 
however, depends as much on the mode and conditions of deposition 
as it does on the mechanical composition of the material. 

River-deposited sediment, generally, is very loosely packed. 
Rapid deposition from streams heavily charged svith debris results in 
arching effects, which, aided by the buoying of the water, result in 
open packing. The finer the texture of the sediments, the greater 
the tendency to lcx>se packing. River and flood-plain sediments, of 
the finer sand sizes and more particularly the silts, aie therefore 
characteristically unstable foundation materials. If the sediments 
can drain during deposition, settlement into a closer state of pack- 
ing usually results. Many beach sands, especially those deposited 
between high and low water, are firm and hard-parked. The vibra- 
tory effects of the waves characteristically result in very densely 
packed sand, if drainage is adequate. Thus they are generally stable. 
Wind-transp)orted sediments are well sorted and tend to be of 
uniform-sized grains. They are deposited in dry condition and sub- 
ject to further wind disturbance. Usually, because csf the line sizes 
transported by the wind and the uniformity of sizes, they are open 
packed. Gravels of whatever origin tend to fairly dense packing. 
Deformation may open them up. Glacial gravels and .sands that have 
been shoved by ice or have slumped subscc|uent to deposition may 
be in rather open packing. Evidences of deformation are therefore 
of significance. 

Illustrations. Illustrations of the principles of dilatancy are to 
be found on every hand. Engineering applications of the principles 
are both numerous and diverse. The few illustrations and applica- 
tions presented here will suffice to draw attention to the practical 
aspects of the subject. 
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Quicksand is merely sand in open packing. The usual cause is 
a current of water passing through the material, sufficient to lift the 
grains into open packing; hence resistance to deformation is slight. 
The usual cure is cither drainage or cutting off the ingress of thte 
water. In the laboratory, demonstrations of quicksands are easily 
made by filling a graduate with sand and connecting a tube so that 
water enters the sand at the base of the graduate. A steel rod placed 
at the top of the container sinks of its own weight when an upward 
current of water causes an open-packed condition. Shutting off the 
water current allotvs the sand to settle into firm enough packing to 
support the rod. 

A hydrodynamic condition may be induced by deformation of 
sand containing insufficient moisture to saturate the voids in the 
state of loose packing. Demonstration on a laboratory scale is easily 
made by placing sand in a small pile and adding water. As the pile 
is stirred or deformed, it appears dry. Vibration will settle the sand 
into closer packing, so that there is an excess of water for the void 
space: the mass, as a residt, becomes soupy (a hydrodynamic state) 
and flows plastically. Vibrations caused by passing trains or of other 
origins have caused similar liquefaction in materials held in check 
by retaining walls with the development of stresses not designed for, 
and so may result in failure. Mudflows and landslides of certain 
types are similarly explained, as are certain failures of artificial 
embalmments. 

Mineral ConstiUtents. The mineral constituents of the regolith 
are likewise very variable. The mineral assemblage depends on the 
nature of the parent rock, the method of rock destruction, and on 
the degree of sorting and wear during transportation and subsequent 
processes. 

Data Needed. Investigations of the quantitative effects of grad- 
ing, shapes, and mineral and chemical make-up upon mechanical 
properties are incomplete. Basic data are needed in many engineer- 
ing applications. To give one example: in the field of mortar and 
concrete research, the effects of shapes of the sand grains and of their 
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mineral or chemical properties upon strength and durability are 
viitually uninvestigated. 


Cohesive Soils 

In contrast to clean gravel or sand are soils that have a clay or 
colloidal organic binder, or that arc dominantly <lay or organic 
mateiial. These are the cohesi\c soils that have cohcicncc when dry 
and are geneiallv sticky when wet. Clays, peats, mucks, clayey sand or 
silt, and boulder clays are examples. 

Becau.se much il not most engineering < oirstruction rests on soil, 
and because clay soils ate among the most abundant of soils and 
fret|uently present troublesome problems for engineering design 
and construction, clays met it special consideiation. 

Clay: Definition and Classification. In engineering usage, the 
term clay refers to a naturally occurring inorganic plastic mateiial 
made up largely or wholly of pai tides less than 0.005 mm. in di- 
ameter. Mineralogically, clay implies a finely divided crystalline ma- 
terial essentially made up of hydrous aluminum silicate's -the day 
minouls. There are, therc“fore, really two principal varieties of clay: 
(1) deposits of clay minerals: and (2) rock flour (day by virtue of 
grain size). The .so-c allccU lay minerals are alteration products of var- 
ious minerals, such as feldspar or other silicates. Renk-flour clays, 
such tis most of the glacial clays, aie composed laigely of finely com- 
minuted or pulverized rock and mineial fiagments. To thc»extent 
that the rock flour has been produced by gi inding shales or other clay 
mineral b(*aring rcxks, the rock flour clays will contain clay minerals. 
'I’he state of subdivision makes identification of the fine clay min- 
erals difficult. Identification of the different clay minerals depends 
very largely thetefoie on X-ray and thermal analysis techniques. 
Most “clays” contain two or more clay minerals, and practically 
all contain nonclay constituents of both organic and inorganic na- 
ture. 

The Clay Minerals. Every ceramic engineer recognises that the 
mcxlern concepts of clays arc of high economic and practical value. 
Up to very recent time, however, the internal structure of minerals 



MASS PROPERTIES OF THE REGOLITH 


107 


has been of little practical interest to the civil engineer. The ad- 
vances in “clay science" are finding application beyond the field of 
ceramics, however, and it will be worth while to indicate something 
of these, without going into the details of clay mineralogy. 

The distinction and grouping of the clay minerals has been made 
possible largely through developments in X-ray techniques. Three 
principal groups of clay minerals are now well established. These 
are the illites, montmorillonites, and kaolinites. 

Illite Group. The illite group is composed of several minerals 
similar to muscovite mica. Chemically, the illites are complex min- 
erals, a general formula being 

(OH), K, (Al„ FE,. Mg,) Si,.,AI/),o 
in whi('h y '/aries from 1 to 1.5. 

Fig. 6-7 shows schematically the structure of illite. About 15 
per cent of the silicon positions are occupied by aluminum, and the 
excess charge satisfied by potassium ions between the silicon sheets. 
The potassium ions serve as a bond between sheets, and the lattice 
is nonexpanding with addition of water. 

Illite is perhaps the most abundant of the three groups occurring 
in modern marine deposits of clay. It is very abundant, also, in 
ancient sedimentary clays and is the dominant clay mineral of shales. 

Montrnorillonite Group. The minerals of the montmorillonite 
group Siffer from those of the illite group in having an expanding 
lattice structure. Chemically, the montmorillonites have the general 
formula: 

(OH), (Aly Fe, Mg,) SigO^o-nHaO 

The structure of montmorillonites is shown diagrammatical ly in 
Fig. 6-8. The amount of water varies; the lattice expands with addi- 
tion of water, and clays of this group swell; some expand eight to 
ten times on soaking. Minerals of this group are especially abundant 
in clays derived from weathering of volcanic ash. They arc present 
in many sc3ils, also, and in some sedimentary clays arc dominant. 

KaoliniU Group. The kaolinite minerals have a characteristic 
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Fig 6 7. The ftnicture of illiie, (OH),K,(Al 4 Fe, Mg, Mg^) (Si» / 
Al,)0*o > varies from 1-1 'i (Alter Grim) 


lattice structure common to the several members of the group Kao- 
linite minerals have the general chemical composition expussed by 
the formula* 

(OH),Al,Si«(),o 

The structure of the kaolinite g^oup is shown sch(;matically in 
Fig. 6-9. Kaolinite is widespread in modem marine clays but less 
abundant in these deposits than illite. Both illite and kaolinite are 
present and commonly intci mixed in sedimentary clays. Kaolinite 
IS the most abundant constituent of the residual clay deposits. 
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Fig. 6-8 The structure of montmonllonite (OH)«Al«SiaOao*nHtO (After Grim) 


Properties of Clays 

For a variety of reasons clays do not all act alike. They differ 
in mineralogy as just indicated, and of course they differ in other 
properties— in grain size, in ion-exchange capacity, in plasticity, in 
permeability, in compactibility and settlement, in sensitivity, in wet 
and dry volumes, and in other ways as well. Most of the differences 
are interrelated. Because some of these differences affect both sta- 
bility and cost of a structure and if neglected may cause damage or 
failure, the clay soils merit thorough engineering evaluation before 
design or construction on clay foundations, or before making use of 
clays as construction material. 
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Fic. 6-<) T hr strurture of kaolinite (OH)hAI,Si 40 io (\ftrrOiim) 


Grain Size. The outstanding physical characteristic of clay is 
fineness of grain. Both types of clay— rock hour and clay mineral 
clays— are extremely fine-grained. The range in sizes of clay particles 
is from 0.005 mm. down to colloidal dimensions, and many clay 
particles have diameters of less than 0.0002 mm. 

Accurate determination of grain size in clays is not easy because 
of the tendency of clay particles to aggregate or flocculate. Mont- 
morillonite is easily broken down to particles of less than 0.1 /c in 
diameter; kaolinite can be reduced to 0.1 n only with considerable 
difficulty; and illite varies in ease of size reduction. The arrange- 
ment in order of generally decreasing grain size is; rock flour > kao- 
linite > illite > montmorillonite. The rock flour clays have a gfreat 
range of grain size, but have on the average larger particle diameters 
than do the clay mineral clays. Indeed, most of the so-called glacial 
clays are really clayey silts. The influence of this state of fine sub- 
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diviMon on the physical properties ot the clay soils is due in con- 
siderable measure to large surface area relative to volume 

/on Exchange. The very fine-textured soils are distinguished by 
great surface area of the particles relative to unit volume In addi- 
tion to the physical mechanical effects of this state of fine subdi- 
vision, the chemistry of the constituent mineral panicles varies in 
the finetextuicd soils These variations in chemical activity have 
niaiked influence upon the mass piopeitics of a given soil, and in 
ceiiain soils make it possible for the engineer to induce changes that 
impiove the soil structure, strength, and peimcabiiity to meet some 
engineering specifications in some projects 

It has been known for a long time that some soils have a greater 
capacity of ion exchange than othcis and that a substitution of ions 
may effccuvely alter soil properties Ion exchange is simply a prexess 
of ex< hanging an ion fiom a solid for one from a solution with which 
the solid IS in contact and may involve either cations or anions A 
familial example is the use of the mineral zeolite with exchangeable 
Na *• to soften a high calcium haid water 

Ca^ 2 _p Na.(M Si,0,., 2H O) ^ Ca(AKSM),o -211.0 ) + 2Na+ 

ms lublc 

The ion exchange capacity of a soil may be expressed- in milliequiva- 
Itnts A milliecjuivalcnt may be defined as 0 001 of the equivalent 
weight, or as 1 milligram of hydiogen (H + ) or the amount of any 
other ^tion that will displace it Other cations may be c\pr(?ssed 
as milliecjuivalents by changing them to then hydiogen ecpiivalents 
If the cation exchange capac ity is known the giams of any particular 
cation It can accept may be calculated 


milliequivalents per 100 g X 


atomic weight of cation 
valence of cation X 1000 

= grams absorbed per 100 g of soil 


The structural character of the crystal lattice largely determines 
the extent to which such exchanges take place In clay soils the ex- 
changeable ions may be on the edges of broken tabular shaped ciys 
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tals due to broken bonds or perhaps to partial destruction of the 
clay lattice. If so, fine grinding increases the ion-exchange capacity. 
Or the exchangeable ions may be held on the faces of tabular crystals 
or within the crystal lattice rendered accessible to exchange by swell- 
ing. The organic complexes that may be present may also affect the 
ion exchanges. Although ion exchange as a process has long been 
recognized, further chemical research is required for its full utiliza- 
tion. 

Grim gives the comparative base-exchange capacities of the three 
principal clay groups in railliequivalents per hundred grams as: 

Kaolinite .S-15 

lllite 10-40 

Montmorillonite 80-150 

Kaolin consists of a silica sheet and an alumina sheet bound together, 
as shown in Fig. 6-9; the sum of the plus tharges t)f Si and A1 in 
the sheets equals the sum of the minus charges of the O and Oil urns 
and there are no unsatisfied electrical charges by whith otbei irtns 
can be held to it. Usually the exchange amounts to less than 15 milli- 
equivalents p>er 100 g, held by broken bonds at edges of the pat tit les. 

Montmorillonite fundamentally consists of two silita sheets 
bound together by an alumina sheet (Fig. 6-8). Isomorphous substi- 
tution of tervalent A1 for quadrivalent Si in the silica sheets or substi- 
tution of Mg or some other bivalent or univalent ration for^\l * + + 
in the alumina sheet gives rise to net residual charges that are neu- 
tralized by absorption of cations. These are the exchangeable ions. If 
the exchangeable ions are mostly Ca or Mg, the clay may swell to 
some two times its dry volume; if the exchangable ions are mostly 
Na, it may swell twenty or more times its dry volume. 

The illite group (hydrous micas) have more isomorphous replace- 
ments than montmorillonites, with consequent higher charges; but 
these are largely neutralized by potassium, which is fixed and not 
exchangeable. 

Many clay soils are admixtures of a dominant clay mineral and 
subordinate clay minerals with varying amounts of nonclay con- 
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stituents. The ion-exchange capacity ccimmonly rises with the clay 
mineral content of the soil. In geneial it may be said that ion ex- 
change and ceitain soil properties vary somewhat as follows: incieases 
in lic]uid limit, plastic index, hygroscopic moisture, place density, 
and field moistuic accompany increases in ion-exchange capacity or 
inontmoiil Ionite clay traction. The permeability decreases with in- 
cieased base-exchange capacity. Kaolinite, tor example, may be sev- 
eial hundred times more peimeable than a montmonllonite. 

An inteiesting application of base exchange, illustrating also 
what has been said ot sodium ion bearing clays, is given by Winter- 
korn: 


A classical example of good engiucciing has been supplied 
bv the engineei in charge loi the consiiuction of the fiesh-waicr 
lake c'n Tieasiiie Island in San Fiancisco Ba> I'he bottom of 
the / acie lagoon had been covered with a lO-inch compacted 
cla> lining to pievent seepage loss. However, a loss ol 1 inch of 
watci pel da> was experienced— an amount which thicatencd to 
piohibit maintaining the lagoon. The pioblem was solxed 
piactically by filling the lake wdth saline w'ater from the bay, 
which lesulted in changing the relatisely pervious natural soil 
into a Na soil through ion exchange. I he saline water was then 
removed, and the lagoon was filled with fresh w^ater. After the 
excess electrolytes had been washed out of the clay layer, it 
assumed the low peimeability of a true Na soil As a conse- 
quence, the loss of water per day w^as reduced from 1 inch to 
0.1 !nch.T 

Use of the ion-exchange piiiuiple will undoubtedly increase in 
engineeiing practice invoking upstieam dam apioiis, eaith-coie 
dams, and similar piojects. 

Consolidation. Because of the open packing ot clay pai tides and 
the relatively high water content, clays aie especially liable to com- 
paction or consolidation under load. The consolidation ot soils 
involves a loss of pore space, wdth corresponding loss of water or gas 
contained in the voids. To some degree at least, consolidation in- 
volves a rearrangement of the component pai tides of the soil. Be- 

^Winterkorn, H. F., '^Application of Modern Clay Reseaich in Constiiiciion 
Engineering.” Jour. Ceol. Vol. 50. 1912, p 297. 
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cause most clays arc near the saturation point at a given voids ratio, 
a reduction of voids coniinonly recjuircs expulsion of water. The 
rate of consolidation or coinpattion therefore varies diiec tly with the 
permeability and load imposed and inversely with the distance 
the water has to travel to escape from the bed. Because uf the low 
permeability of clays in general, the delay in reaching equilibrium 
after loading may be years. Decreasing permeability with expulsion 
of water and closing up of voids slows the settlement rates. To hasten 
consolidation, vertical sand drains are often installed. 

At many places the weight of overlying soil and water resting on 
a given clay layer is as great as it ever has been in the past. I'he 
clay is “normally” loaded. At enher places, the clay may have been 
more deeply buried than at present: erosion may have* stripped off a 
part of the load, (ilaciai ice may have advanced over tire soil, load- 
ing it beyond the present existing load. Again, formerly exposed at 
the surface, the top few fc^et of a now buric'd c lay layer may have been 
dried out or desiccated; for example, an intermiitent lake bed might 
be thoroughly dried out in the dry season, and subsc'cpiently (o\ered 
with wind- or water-laid sediments. In all of these instances clay 
has been consolidated by conditions or loads not now existing at that 
place— the soil is “preconsolidated.” Thus evidences of advance of an 
ice sheet over a clay, or of the magnittide of erosiem of overlying 
material, or of exposure to drying (for example by the recognition 
of disconformity— see p. HM) may be Icxally discovered by /geologic 
observation. This type of geological deduction permits some in- 
ferences as to probable soil stability, for undisturbed preconsolidated 
soils are unlikely to give much consol idaticMi trouble unless struc- 
tures impose loads approximating those that produced the precon- 
solidarion. Although relief of load may cause a partial re-expansion 
of the soil, precoosolidated soils are much less troublesome than 
normally loaded soils, and locally they have made structures possible 
that could not have been supported on a soil of the same constituents 
that had not been so conditioned. Increased shearing strength as 
well as confined bearing strength are residuals of preconsolidation. 
On the other hand, heaves in the bottoms of deep cuts in prccon- 
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solidated soils that were heavily loaded in a former cyt:lc may be very 
troublesome. 

The most c ited and perhaps the most spec tacular settlements due 
lo clay consolidation occur in Mexico City, which is underlain by 
thick montmorillmiite clay beds, tulls, gravel, sand, silty clay, and 
silty sand. Large buildings have settled at an average rate of 5 inches 
per year, and as much as a tcjtal of 10 feet. The clay may contain 
five to seven times its dry weight of water, and the voids ratios may 
be as high as 14.0. These amounts and rales are of course far from 
usual. 

Because of the close correlation of consolidation effects with 
permeability, it is ajipaicnt that the general order, glacial-rock Hour 
(lays > kaolinitc > illite > montniorilloniu*, holds for consolidation 
(j| ( lay soils 

Shrinkage. Most natural clay soils shrink on drying as a result of 
diminution of void spate. 'There is howevtr, a limit, called the 
sfnmkagc limit, to this type of t ompaction or tonsolidation, which is 
defined nurneritally for a given soil as that water content below 
\\hi( h no further volume loss takes plac e with continued water loss. 
Shrinkage may be due to loss of water from around ihe grains, or 
from loss of water from the lattices of clay minerals. Shrinkage is 
greater for clays of montmorillcmite content, therefore, than for 
other types of day soils. 

Shrinkage of days is of especial concein to ceramic engineers. 
As a form of preconsolidation, however, desiccaiic:)n may be highly 
significant to the civil engineer, ('.ertaxn types of deposit— for ex- 
ample, those cjf flood plains, intermittent lakes, or the upper parts 
of some tidal flats that are alternately flooded and dried out— may be 
cennposed of successive layers of partially consolidated (in this sense, 
preconsolidation) sediment. Shrinkage imparts a measure of strength 
by consolidation to some soils that othcrwi.se might be unsuitable as 
foundations. On the other hand, shrinkage may cause failures by 
withdrawing support. In ("alifornia, for example, recession of a day 
as much as 2i/^ inches from adjacent concrete has caused differential 
settlements and damage to concrete pavements. 
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The effects of desiccation, exceptionally, may extend to depths 
of 25 feet or more. 

Swelling. Adsorption of water by c lay soils increases volume in a 
manner essentially the reverse of shtinkage, although the structure 
of the soil is usually so modified m shrinkage that not all of the pre- 
shrinkage volume is recoveied. Swelling is also a result of imbibition 
of water into the lattices of some of the clay mineials Some mont- 
murillonite clays— bentonite, an alteied volcanic ash, for example- 
may swell as much as 1600 per cent or more on piolongcd soaking, 
whereas kaolinite clays commonly swell less than 10 per cent. 

Swelling pressures develop as a result of the hvdiation This is 
especially true where a swelling clay has been stiongly preconsoli- 
dated. Fig 6-10 shows uplift of buildings in Pietoria, South Africa, 



Yeor 

Fic 6 10 Lplift of buildings by cspjiisioii of illiu cl.i\ as the result oi lisdration 
Pretoria, South Africa (\fter Jennings) 

due to expansion of illite clays Damagmo uplift ncai the town of 
Ontario in Oregon also took place, with seepage of irrigation water 
and runoff into a Na*** bentonite soil which caused an uplift of 1 foot 
in three years. In this Oregon failure, uplift pressures were on the 
order of 50 pounds per square inch. Expansion of the Eagle Ford 
Shale (Texas), a montmorillonite compaction shale, gave uplift pres- 
sures of more than 200 pounds per scpiare inch. 

Pavements, canal linings, basements, and light structures of van- 
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ous kinds may be damaged by clay soil swelling. A variety of engi- 
ned ing measures may be taken to minimize anticipated effects. One 
of the most effective ways is introduction of stabilizing cations into 
the worst offenders, the Na clays. 

Plasticity. Plasticity is the property of deforming nonelastically 
without change of volume or visible rupture. In clays, plasticity is 
conditioned to a large degree by the water content, the manner in 
which the water is held, and the size and shape of the clay particles, 
fineness of grain implies large surface areas relative to volume. The 
increase of suiface area with dec lease in size is readily visualized by 
imagining a cubic centimeter of quartz successively subdivided into 
smaller and smaller cubes thus* 

1 cc cube quart/ = 6 sq. cm. surface 

cut *nto 0 1 cc. cubes = 60 sq. cm. surface 

cut into .01 cc cubes = 600 sq. cm surface 

cut into .001 cc cubes = 6,000 sq cm. surface 

cut into 0001 cc cubes = 60,000 sq. cm. surface 

Clay-sized panicles, because of the large surface areas, have adsorbed 
films of moistuie and gases that aie difficult or impossible to com- 
pletely du\e off below a led heat. In the size range of the clays, the 
adsoibed moisture films oi envelopes about the particles make up a 
consideiablc poition of the volume. These envelopes, so far as the 
water is^in liquid state, are readily deformed. This characteristic, 
together ivith the tensile strength of the water (which may be con- 
sideiable), accounts in large measuie for the plasticity or molding 
qualities of many clays w’hen w’ct. Thus in a clay of given mineral 
composition, dec lease in grain size gives an increase in plasticity 
because the watei en\ elopes of the individual panicles become reha- 
tively thicker with respect to diameter, and the layer of “oriented" 
or rigid wMter about the particles becomes coi respond ingly less ef- 
fective. Scaly shapes of clay constituents, such as the clay minerals, 
micas, and chlorites, also probably play a part in causing plasticity. 
Because of the en\ elopes suriouncling the indisidtial clay particles, 
clays are always in a state of open packing; and although they may 
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take a “set” or become in part consolidated, on disiiirltance of the 
“set” they tend to tail plastiiaily. 

A measure of plastiiiiy, called the jtlailii index. Ip, is defineil as 
the difference between the water content at which the clay has but 
slight resistance to deformation (called the liquid limit, L„) and the 
water content at which it loses plasticity or ctumbles when rolled 
into thin threads (the plastic limit, P„): 

Ip 

The so-called plastic clays genet ally have an /p > 15. The limits L„ 
and P,p are called the Atteibeig limits, and the tvater is indicated as 
percentage of dry weight. 'I'he liquid index, /.,. is: 

r — ~ 

■ ~ U - P« 

where w is the water content of the .sediment in situ. Table 6-1 shows 
some representative values fen different kinds of c lays: 

Table 6.1. Some REPRtstNrAiivE Ani-RBiRC. I.iMirs toR Ci.ass 


Clay 

Plastic Limit 

Lic^uicl Limit 

Plastic Index 

Rock Flour 

20 

40 

20 

Kaolinite 

37 

65 

28 

Illite 

50 

120 

70 

Montmorilloiiite 




Na+ 

97 

700 

603 

Ca+ + 

72 

124 

52 


Mineralogically, the montmoiillonites arc the metst plastic; when 
tarrying Na ' , this variety has a liquid limit ten times that of 
kaolinite. Thus it appeals piobablc that the nature of the crystal 
lattices of the clay mint'rals accounts in part for differences in plas- 
ticity. The expanding lattice of montmoiillonite permits the entry 
of a relatively large amount of water. In niontniotillonites with 
Ca*^+, the bonding action of the cation is relatively strong, so that 
less .swelling on soaking ocems; whereas in a Na+ montiitorillonite, 
the relatively weaker cation bund permits thicker water sheets. In 
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the illitcs and kaoliniies, water does not pcnetiate between the basal 
planes of the unit (ells. Heme the plasticity of most montrnorillonite 
(lays is greater than that of kaolinite or illitc (la>s. As little as 5 
j)er rent moiitmoiilloiiitc in a clay indiucs a laige im lease in plas- 
ticity. 

In a clay of given mineial composition, dec lease in giain size 
results in an imrease in plasticity because the water envelopes of 
the individual panicles become thicker with respect to diameter, 
and the layer oJ “oiiented’' or ngid watc^ about the particles, be- 
tonies (oiiesj)ondinglv less effc-ctive. 

It is a mattei ol obseivation that Attc ibeig limits tor diffeient 
samples horn day deposits which ate similar te\tinally and min- 
eialogically tend to define a straight line with a slope roughly paral- 
lel to the ^ /by/’ when plotted on a giaph similar to that of Fig (Ml. 



Fic. 6 n. A c]jssi(ijc.ation of clays accoicliiig to plasiiciiy index and liquid limit. (Alter 

A. Casagrande) 
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If the plots of these values of different samples fall in widely different 
lines, probably the samples are of geologically different deposits. 
Classification of clays on this type of diagram is useful for engineer- 
ing prediction based on comparison with plastic soils that have been 
met in previous engineering experience. 

A few generalizations relating plastic cjualities to other charac- 
teristics may l>e useful in siiinmaiy: 

1. The more plastic the soil (i.e., the higlier the /p), the greater 
the probability of failure under load, and the lower the angle 
of shearing resistance. 

2. Soils of similar geologic history and similar litpiid limit may 
be expected to undergo similar compression under load. 

3. Soils of similar history and liquid limit differ with the plastic 
limit thus: if of one soil is greater than of a second with 
similar (i.e., the second has a larger Ip), compressibility is 
about the same, but the permeability of the second is less, and 
it therefore compacts more slowly and has a greater dry 
strength. 

4. If soils of similar geologic history have equal plastic indices, 
but one has a greater liquid limit Lu> than a second, thc^ one 
with the higher has the greater compactibility, greater 
permeability, and more rapid rate of compac tion—and prob- 
ably a lower dry strength. 

Permeability. Clays have low permeability. The interparticle 
openings are too small to permit ready circulaticm. In fact, the 
greatest amount of water that penetrates a clay mass piobably enters 
through shrinkage or desiccation cracks. Nevertheless the interpar- 
ticle permeability of some clays is gi eater than that of others. This 
variation is due in large measure to the struc ture of the clay soil and 
the degree of arrangement and ligidity of adsorbed water. Aggre- 
gates of clay minerals, too, are more* permeable than dispersed sys- 
tems. 

An improvement in a clay soil is described by I^mb,** who re- 

*Lamb, T. W., “Improvement of Soil Properties uith Dispersants,” Jour. Boston 
Soc. C. Vol. 41, 1954, pp. 184*207. 
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ports that a 1-foot thick blanket of clay-silt (30 per cent illite) ticated 
with 0.1% sodium tetraphosphate was as effective in sealing the bot- 
tom of a 22 million gallon sulfite storage lagoon against leakage as a 
10-foot thick blanket of the untreated soil. 

Clays that carry an adsorbed Na’*’ ion are less permeable than the 
Ca ^ clays, probably because they have a higher capacity for holding 
water in an arianged or rigid state. The montmoiillonitc days are 
in general therefore less permeable than other types. Kaolinite clays, 
with grains 100 to 1000 times the diameter of montmorillonite para- 
des and with little ' rigid** w^atcr, are more peimcable than the 
montmoiillonite clays. The illites are intermediate. The glacial- 
marine clays (ro(k flour clays) are somewhat more pcimeable than 
arc the kaolinite clays, and the glacial-lacustrine clays (vaivcd clay- 
silts) generally more permeable than the marine clays. Representa- 
tive values showing these variations are: 


Vaivcd (lake) clay 
Marine-glacial clay 
Kaolinite clay 
Illite clay 
Montmorillonite 


10“^ crn/sec 
10 cm /sec 
10"^ cm/scc 
10 cm/sec 
10 un/sec 


Sensitivity. The clay particles bear similar electric charges, which 
cause mutual lepulsion as they aic cairied along in a water current 
or dispersed in a water body. Neutralization of these chaiges permits 
coagulation, and flocc tiles of clay settle out. Neutralization may be 
brought about by elec tiolytes or oppositely charged colloids. The re- 
sult is actually a foim ot precipitation, and most maiine clays aic in 
this sense truly piec ipitates. Substances tending to keep the colloidal 
particles in suspension are called peptizers, lannit acid and many 
other organic acids act in this way. Streams and other fush waters 
more commonly cany peptizers than flocculatois. The settling of 
clay-size particles in fr(*sh waters is very slow, since flocculating 
agents are generally absent. Whether the sedimentation results from 
flocculation or from settling of dispersed particles with minor floccu- 
lation, there is a large amount of entrapped water, and not uncom- 
monly clays have as much as 90 per cent or more of contained water. 
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A very open structure of honeycomb type is shown diagrammatically 


Fif. 6 12 Stnicture 
of undistiirbcil nidrinc 
cla\, Casd(>randc 
(Courtesy of the Bos 
ton Society of Civil 
Eiiguieeis) 


C/fl^ Partules 

Floiculatnl C oUotaal Par 
tulcs i f Lou Degree of 
C onsohdation 

Floiixtlattd Colloxdal Par 
tuJtt (f High Deatee of 
Conwhdatton Dut to Lo~ 
cal PrtKsurc ( omentra 
hont 

Because of the envelopes of water surrounding individual clay 
particles, clays are always in a state of open packing; and although 
they may take a “set** or become in part consolidated, on distuibancc 
of this “set*' they are weakened and tend to fail plastically. A com- 
parison of compressive strengths of unconfined clays in undistuibcd 
and remolded states is expressed as sensHivity of the clay: sensitivity 
is the ratio of these unconfined compressive strengths. 


in Fig. 6-12. 



Compressive strength, undisturbed 
Compressive strength, remolded 


= sensitivity 


The values can be grouped as low, medium, high, and quick: 


Si 1-4 Low sensitivity 

Si 4-8 Medium sensitivity 

Si >8 High sensitivify 

Sj >16 Quick clay 

In a general way the sensitivity increases with liquid index (p. 
118). Clays with a low lic}uid index < 1) are generally of low 
sensitivity. 
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The “set" of clays is probably to be explained as the sum of the 
results of three processes acting on the clay. Casagrande** has ex- 
plained one of these as due to greater consolidation in the nat rower 
confines between the larger grains than in the more open spates (see 
Fig. 6-12). Thus because of the uneven stress distribution, the clay 
between the arches remains soft, whereas the more confined parts 
arc consolidated. Disturbance of this “set” condition destroys the 
stuictute and impairs its quality as foundation material. The second 
(ontnbution to the initial set of clays is the thixotropic hardening 
that is developed in varying degrees by different clays. As previously 
indit ated, it appears probable that intermolecular forces cause a fixa- 
tion or orientation of part of the water, which adheres to the clay 
panicles and serves as a cement. Disturbance of the clay breaks a 
[lart of this “i igid” water cement into liquid, with loss of strength. 
C l.iys may retuvci this part of strength lost by remolding or disturb- 
ance 

A thud factor is the presence of some mineral cement which has 
l)een deposited along with the clay or has precipitated out of water 
contained in the clay. Calcium carbonate, silica, or iron oxides may 
seive as cements that give strength to clays in proportion to their 
abundance in the soil. Organic colloids also may act in this binding 
capacity. To what extent clays recover from disturbance of these 
strength-imparting cements depends upon the typie of cementing 
agent and time involved. In considerable measure this loss of strength 
may be recovered in time, although at a delayed rate. Data are lack- 
ing on which to base estimates. 

In view of these facts of clay behavior, laboratory tests of re- 
molded clay are of limited value. 

Remolding and consequent disturbance of set are also effects 
of pile driving. The structure of the clay adjacent to the pile is 
adversely effected, with consequent large increase in compressibility. 
Piles carry by far the greater part of their load by skin friction. 
Casagrande states that in clay the point resistance at fitilure never 

' Ciugrande, A , “The Structure of Clay and Its Importance in Foundation Engi- 
neering," Jour. Boston Soc. Ctvtl Eng, 19S2. 
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exceeds 20 per cent of the total load. Piles driven in clay, therefore, 
which do not reach a competent substratum tend ter increase both 
the rate and amount of settlement of a superincumbent load. Where 
other structures are close by, as in city construction, reduction in 
lateral support due to adjacent pile driving may cause renewed 
settlement. 

An instructive illustration in this connection is given by Casa- 
grande’® Fig. 6-13, in which A gives the load distribution of a group 



Fic. 6 13 Settlement of a gioiip of liiiildings IoiiikIlcI on Roston Cla), Casagrande. 
(Ck)iirtcsy of the Boston StMiety of Cnil Fnmneers) 

of Boston buildings founded on clay, the soil profile, and depths to 
which piles were diiven. Figure 6-14 B sliows the settlements at 
different periods after construction. 

“The clay is fairly homogeneous and approximately of uniform 
compressibility, except for a very soft layer above elevation —10 at 
the extreme left. The thickness of the compressible clay layer varies 
between 55 and 85 feet. 

“/fTtd 
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“Taking into consideration the difference in thickness of the 
tlay layer and differences in load the settlement curve after sixteen 
years should show much less variations, and the maximum settlement 
should be smaller than is represented by the actually observed set* 
tlement curve. Due to the disturbance of the clay structure, the 
settlement is much larger in those set tions where the piles penetrate 
into the clay. The effect of the disturbame spreads a short distance 
beyond the region of disturbance, so that the undisturbed regions 
between /ones of disturbance show also laiger settlements. This is 





i 

^Homocf«ri«Oix« Clay ^ 





1 

[ Loof 


nnnmnniT 

777777 ^, 





Oenoa dorvcl 

Fig 6 14 Building foundations on clay 

partially due to decrease in lateral support of the undisturbed clay 
mass. 

“The considerable settlement on the extreme left is due to the 
less consolidated clay above elevation —10 and a slight load con- 
centration. The depression between sections B and C is due to a 
load concentration. The sudden increase of subsidence to the left of 
section D can only partially be explained by the larger load. The 
fact that the sudden drop coincides with the border line of undis- 
turbed and disturbed soil, and not with section D where the load 
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increase surts, is a remarkable evidence for the disturbing e£Eect of 
piles.” “ 

Good engineering practices in founding structures under some 
typical conditions involving clay substrata are summed up in Fig. 
6-14. The student should analyze the considerations involved for 
each condition of this figure. The at tide by Skempton (1955) gives 
an excellent discussion and varied case histories of this type of foun- 
dation problem. 

Peats and Mucks 

Peat is an accumulation of vegetable remains buried in vegetable 
debris below the water table so that decomposition is only paitial. 
Mucks are similarly formed in areas of swampy chaiatter, but with 
relatively high content of mineral mattei. The mineral mattet of 
peats and mucks in part is derived from the vegetable mattei, but to 
a larger extent is deposited by wind or from suspension in water that 
floods the swamp from time to time. There is complete giadation 
between peats, mucks, organic clays, and nonorganic clays, “Humi- 
fication,” laigely by bacteria, produces the black, cheesy, structureless 
soil of many swamp excavations. 

Peat and muck soils vary in characteristics accoiding to the clay- 
silt content and the kind 'and state of humification. In geiieial, these 
soils have a low density, high poiosity, low permeability, and ex- 
tremely high water content. I’hc water content is often several 
hundred per cent. This type of soil, therefore, is one of extreme com- 
pressibility. Compacted, however, it has little tendency to expand 
on release of load. Because much of the water is capillary, squeezing 
or loading is ineffective in reducing the water content below certain 
limits. 

In foundation work, the peat or muck must generally be removed 
by excavation, or displaced by loading. Settlements under fills can 
be hastened by blasting if the deposit has considerable thickness. In 
laying fills on peats or mucks, excavation to the water table removes 
possible temporal y support and thus hastens settlement. Vane tests 
on peats often show a range of 1 to 3 pounds to tlie square inch. 
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Roots and fibers probably contribute to this strength, and small loads 

(aiisc large settlements. 
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CHAPTER VII 


THE CONSOLIDATED SEDIMENTS 


Although, technically, the unconsolidated sedi- 
Xx. merits are rock, to must people, the term roc^ connotes some 
degree of coherence or consolidation. Some sediments are consoli- 
dated soon alter deposition; other deposits may exist for millions 
of years in the unconsolidated state, and there are all gradations and 
degrees of con.solidation. The aggregate changes occurring between 
deposition and consolidation are tcimed diagenesis. 

CONSOLIDAIION 

During diagenesis, coherence is developed by compaction and 
dehydration, cementation, and recrystallization. Although one of 
these consolidating processes may be dominant locally, commonly 
the three are concurrently at work. 

Compaction and Dehydration. With burial under additional 
deposits, settling under load takes place with the expulsion of excess 
water. Ultimately, cohesive bonds are established or strengthened, 
and the sediment gains an appreciable degree of solidity. This type 
of consolidation operates most effectively on the finer-grained sedi- 
ments of the clay group, upon mixtures of grade sizes containing a 
clay fraction, or upon other sedimentary types with a colloidal 
. content. The transformation of clay to shale of that of peat to coal 
are familiar examples. 

Cementation. In deposits through which water can circulate, 
dissolved mineral matter may be precipitated out, sticking the grains 
or fragments together, and reducing the void space. The mineral 
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cements may be introduced into the mass from outside by circulating 
water or may be derived from within the mass by solution or altera- 
tion of some of its constituent parts. Three common mineral ce- 
ments are: silica (quartz), calcium carbonate (calcite), and iron ox- 
ides in various degrees of hydration. In the discussion of chemical 
weathering it was shown that these three substances— silica, calcium 
carbonate, and iron oxides— are abundantly produced by the altera- 
tion of most types of rocks. Silica makes tite strongest and most 
durable of the mineral cements, with iron oxide and calcite some- 
what less effective. 

Recrystallixation. The components of a sediment may crystallize 
or recrystallize, giving coherence to the rock. Water is expelled, void 
space reduced, and the bonds between the new crystals established. 
These processes are assisted by the development of an inter- 
locking fabric or grain. Lime deposits recrystallize rather readily, 
and many limestones that have suffered no squeezing other than that 
of superincumbent load have recrystallized completely. Recrystal- 
lization is probably initiated very early in the history of clays, also, 
with the development of finely divided white mica. In the formation 
of clay minerals by weathering, the potash liberated seems to have 
an affinity for the clay an^ tends to remain associated with it. Dur- 
ing recrystallization, chemical recombination of the potassium, silica, 
alumina, and some water forms the white mica, sericite. It has been 
shown that colloidal or soluble silica is liberated in the alteration of 
silicate minerals. In so far as this is deposited with the clays and 
subsequently crystallized into quartz, it serves as a binding agent. 

Classification 

The classification of mixtures of clay, silt, and sand, according 
to the Maine Geological Survey soils triangle, has been given as Fig. 
5-2 (fxige 77). For the naming of the consolidated equivalents, how- 
ever, the geologist uses a somewhat simpler scheme. The practice 
is to name the rock according to the dominant material, prefixing 
terms descriptive of the minor ingredients. Thus, a sandstone with 
a considerable clay content is termed an argillaceoiu, or clayey. 
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sandstone. In the prefixes, argillaceous is commonly substituted (or 
clayey, and arenaceous for sandy. In addition to the clastic frag- 
mental components, a calcium catbonate content frequently must 
be considered in naming the rock. Thus, a rock may be limestone, 

CARBONATE 



Fig. 7-1. a classification scheme for common sediments. 


1. Limestone 

2. Sandstone 
3 Shale 

4. Sandy limestone 

5. Argillaceous limestone 

6. Calcareous sandstone 


KEY 

7. Calcareous shale 

8. Argillaceous sandstone 

9. Sandy shale 

10. Sandy argillaceous limestone 

11. Calcareous argillaceous sandstone 

12. Calcareous sandy shale. 


arenaceous limestone, calcareous sandstone, or calcareous shale. The 
classification scheme proposed in Fig. 7-1 shows in a suggestive way 
the application of the nomenclature practice, although the limits 
of the groups, as diagramed, are not generally agreed upon, and 


Table 7 . 1 . A Classification of Sedimentary Rocks* 
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current usage is quite loose. It will be noted that there are other 
sedimentary rock types than those shown in the figure; the dia- 
gramed types, however, constitute the bulk ot sedimentary rocks 
commonly encountered. A more complete classification is shown by 
Table 7.1. 


Ct)N(.LOMERATES AND URECCIAS 

Gravels are dt'posited for the most part by water. The two com- 
mon environments of deposition arc the shallow maiine waters and 
sw ilt-llowing sti earns. The interstices between the pebbles are com- 
monly filled with sand or finer material. Waters circulating through 
gravel deposits may precipitate out silica, calcium carbonate, or iion 
oxides, which act as cements binding the gravels togcthci into con 
glometates. An argillaceous content may become incluratccl into 
cementing material by compaction and dehydration. Widespread 
conglomerates of no considerable thickness have frequently been 
formed in the geologic past by the gradual encioachment of seas 
over weathered land surfaces. The pebbles which make up con- 
glomerates may be of a variety of rock types; or more rarely they 
may consist of one type of rock. A number of subvarieties of con- 
glomerates are recognized,' such as ttllite, a consolidated unstratified 
glacial deposit; fan glomerate, a consolidated coarse alluvial fan de- 
posit; and others. 

If the pebbles or fiagments composing the conglomeratic rock 
are decidedly angular, the result of rock breaking, the term brrtcia 
is c ommonlv applied. The angularity implies relatively slight trans- 
portation. The consolidation of the angular debris which accumu- 
lates at the base of steep cliffs, for example, gives rise to talus breccia. 
Weathering may leave angular fiagments at the surface which sub- 
sequently become consolidated into breccias. Not all breccias, how- 
ever are of sedimentary oiigin. Many biecc ias have been foimc'd by 
volcanic eruptions. These are called volcanic breccias. The intru- 
sion of igneous magmas is sometimes accompanied by rock breaking 
in such a way that the fragments become imbedded in the consolidat- 
ing magma, thus giving rise to intrusion breccias. Overpowering 
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stresses may cause the rocks affected to fracture and break, particu- 
larly along zones of dislocation called faults. These shatter zones, 
subsequently cemented with vein minerals deposited by circulating 
waters, are called friction breccias. Thus it may be seen that the 
angular fragments which give a “conglomeratic” appearance to the 
rock may arise in a variety of ways. The charac ter of the cementing 
material, or matrix, in which the fragments are embedded, and the 
field relations usually serve to indicate the origin of the breccia. In 
an intrusion breccia, for example, the matrix is igneous rock. Some 
volcanic breccias, however, do not have a recognizably igneous 
niatiix. An asscKiation with volcanic flows, ncvei thcle.ss, might sug- 
gest the volcanic origin, as would the coarser lava fragments of svhich 
it is composed. 


Sandstones 

Most sand is a water deposit. In arid regions, widespread sands 
have been laid down by wind action. Volcanic eruptions, glacial 
action, mechanical and chemical weathering, and organisms pioducc 
sands. Hosvever, .streams and wave action account for the bulk of 
the sand deposits. Sands resulting from rock disintegiation may 
consist of a large variety of mineral species. The disintegiation of a 
granite, for example, yields a quartz-feldspar sand with a minor 
amount of other constituents such as hornblende or the micas. A 
feldspariiic sandstone of this origin is called an a) hose. Sandstones 
derived from the consolidation of dirty or muddy sands are called 
graywackes. In these, which are perhaps the most abundant of the 
sandstone varieties, the sand grains, predominantly cpiartz and feld- 
spar, are set into a matrix of finer-grained rock or mineral paste. 

In sands that have resulted from decomposition, the more soluble 
constituents and those more susceptible to chemical weathering 
have been eliminated. During the course of long transportation, 
also, the minerals less resistant physically or chemically tend to be 
eliminated. Thus quartz is the most abundant constituent in these 
sands and in the sandstones which result from their consolidation. 
Because sediments and sedimentary rcKks themselves are subject to 
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weathering and renewed transportation and deposition, the climina* 
tion of the weaker and less lesistant minerals may be almost com- 
plete. A pure quart? sandstone thus suggests more than one cycle of 
sedimentation. 

The grains of a sand may be rounded, partially rounded, or angu- 
lar. Grains that have been carried considerable distances or sub- 
jected to long continued wear commonly show a marked degree of 
rounding, whereas sands that have resulted from disintegration, vol- 
canic explosion, or glacial action are commonly angular. Water- and 
wind-borne sediments commonly show a degree of assortment. 
Grains of similar size or weight are selectively transported and segre- 
gated. The degree of assortment may be very high, as for example 
in many wind deposits or grains deposited on gently sloping sea 
floors. Stream deposits are commonly somewhat less well graded. 
Giacial deposits show the most marked heterogeneity because of 
marked fluctuations in the velocities of the glacial melt-waters. 
These characteristics of sands are also those of their consolidated 
counterparts, the sandstones. 

Consolidation of Sandstones. After they have been deposited, 
sands may be compacted and the fine material, partitulaily a clay 
content, may serve as a cementing agent Cement of this type is not 
always durable; it may slake down on wetting, pci muting the rock 
to crumble. The common mineral cements, as in the conglomerates, 
are calcite, quart?, and iron oxides. If the sandstone is thoroughly 
cemented with silica, the matrix may be as strong as the individual 
sand grains; on breaking, the fracture passes indiscriminately thiough 
the grains and matrix. The sandstones thus thoroughly cemented 
with quartz are termed orthoquartzite. There are all degrees of 
cementation to be found, varying from virtually unconsolidated 
sands to the sedimentary quartzites just mentioned. 

Properties of Sandstone. Sandstone is a common and widely oc- 
curring sedimentary rcxrk type. Used as dimension stone, color may 
be a selection factor, as well as its strength properties. Its porosity 
and permeability are significant in some sanitary engineering and 
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water supply problems, as well as in the construction trades. As a 
construction material, also, its durability must be considered. 

Color. The color of sandstones vaiies from white, for the virtu- 
ally pure quartz rock, to almost black for the ferro-magnesian stones. 
Commonly the lighter shades prevail in various tints of buff because 
of iron staining. Reds and browns, also due to iron staining, are 
very common. There is difference of opinion as to the significance 
of red color in sediments. .Some geologists have maintained that a 
red coloration indicates an arid or semiarid environment of deposi- 
tion. Others have held that a red coloration more frequently sig- 
nifies a humid environment of deposition. In any event, the red 
coloration signifies oxidizing conditions. 

Cmshtng Stiniglh. The crashing strength of many commercial 
sandstones falb between 5000 and l.S.OOO pounds per square inch. 
This property depends on the nature and quantity of the cement. 
The sedimentary quartzites, for example, give crushing strengths far 
in excess of the range mentioned. On the other hand, a weakly 
cemented sandstone may have a crushing strength far below the 
average cited. 

Tran'ivetie Strength. Not many data are available on the trans- 
verse strength of sandstones. The few values that have been recorded 
indicate moduli of rupture between 400 and 2.500 |X)unds. 

Porosity and Peimeahility. .Sandstones are among the most 
porous' of the consolidated rocks, although certain sedimentary 
quartzites may have less than 1 per cent pore space. Many com- 
mercially used sandstones have a range ol porosity between 2 and 
15 per cent. Depending upon the size and arrangement of the pore 
spaces, the sandstones show various degrees of permeability. Gener- 
ally speaking, the sandstones are the most permeable of the consoli- 
dated rocks. The absorption of sandstones likewise depends upon 
the size and arrangement of the pore spaces, i.e., upon the degree 
of cementation. The range of absorption is about the same as that 
of the porosity. Table I of Appendix II shows the absorption values 
for a number of commercial sandstones. If the sandstone is in posi- 
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tion to drain freely, it is not particularly susceptible to frost damage 
due to the freezing of absorbed water. Under conditions of poor 
drainage, disruption by freezing may be excessive. 

Durability. Sound sandstones are durable. The rock has a good 
fire resistance and, in this respect, is superior to most of the rock 
used as dimension stone. Fire and frost damage are both minimized 
by laying the sandstone blocks with the bedding planes horizontal. 
In some sandstones, iron carbonate or other iron mineral may be 
present and cause discoloration of the stone on oxidation. This is 
uncommon in sandstones, however, and the rock is not commonly 
subject to color change. A clay cement is deleterious, particularly 
if the rock is subject to wetting. Clay seams or thin clay beds are 
sources of danger and, if present, may lessen the life of the stone. 
A calcareous cement is, of course, subject to leaching by acids. 

Sandstone as Comtructwn Material. Sandstones are used in a 
good many different ways. In particular they are used for both inside 
and outside building, for trim, pillars, walls, and flagging; for bridge 
and dam construction; and for sea and retaining walls. The firmly 
cemented sandstones are used to a minor extent as crushed rock, 
and sandstone pebbles are prominent in some commercial gravels. 

Argillaceous Rocks 

The argillaceous rocks, variously called mudstone, clhystone, 
and shale are among the most abundant of sedimentary rocks. 
Mineralogicaliy, they are made up of a variety of components. 
The dominant constituents of most claystones, however, are the t lay 
minerak, sericite mica, and quartz. Clays are of various origins. It 
has been shown that clay is a product of chemical weathering and 
as such may accumulate as a layer of residual soil or undergo trans- 
portation. Clay is also produced by mechanical grinding or abrasion, 
as for example, by glaciers. Commonly, the argillaceous rocks result 
from the compaction and consolidation of clays and silts that have 
been transported and have been deposited in seas, lakes, swamps, and 
along stream valleys. 
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Ctmsolidaiian of Argillaceous Rocks. There are all gradations 
between the clays and their consolidated equivalents, the claystones 
or shales. The distinction between clay and claystone is not always 
easy to make. Twenhofel * distinguishes as shales those which when 
soaked retain coherence, and as days those which slake and fall 
apart on wetting. Compaction and expulsion of water attend the 
consolidation of clays. It has alieady been pointed out that sericite 
mica forms during the process of (onsolidation. In the consolidation 
of days, owing to their fineness of grain and impervious character, 
(ementation by mineral matter brought in by percolating waters is 
of small account. The colloids present, together with the forces of 
surlace attraction, serve to bind the c lay into coherent masses, assisted 
by the crystallization of ejuartz and mica. 

Propertii \ and Uses. The color oi the argillaceous rocks varies 
[lom light giay to black. The shades of gray are probably due to 
oiganic matciial. Both red and gieen shales are also common. The 
red shades are due to unreduced ferric oxides, and the greens to 
minute mineral particles of a gieen color, as for example the chlo 
rites. 

The daystones, because they are characteristically soft and weak 
are not suited to most construction purposes. Mead ^ makes a distinc- 
tion between compaction shales and cementation shales. The com- 
paction shales lose strength when wet and are subject to plastic de- 
foiniatibn. Under load they are subject to failure by flow. The 
cemented shales have a strength comparable to that of concrete but 
have a relatively high elasticity. Claystones underlying the sites of 
heavy structures shc^uld be tested in both wet and dry condition; and 
it should be borne in mind also that rapid run-down tests may give 
misleading results. Claystone has a lelatively limited use. It serves as 
a raw material tor the ceramic industry in some places; and the pul- 
\erized rock is also used as one of the ingredients in some Portland 
cements. 


‘Twenhofel. W. H., Treatise on Sedimentation, 1932, p. 241. 

* Mead, W. J., “fictilogy of Dam Sites,” Chnl Lngineering, Vol. 7, 1937, p. 392. 
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Carbonate Rocks 

The carbonate rocks are chiefly the products of marine or fresh- 
water sedimentation. They are predominantly chemical sediments 
either formed by the metabolic processes of organisms or precipitated 
inorganically. Mineralogically, the carbonate rocks are comparatively 
simple. There are two main varieties: the limestones composed 
chiefly of calcite, and the dolomites composed chiefly of the mineral 
dolomite. As in the other groups of sediments, gradations occur 
which give rise to compound names, for example argillaceous lime- 
stone, silty or arenaceous limestone, magnesian limestone, and others. 
The classification diagram (Fig. 7-1) shows the principal gradations 
and suggests limits for several subvarieties of impure limestone. 

Varieties. Limestones have several different modes of origin, and 
display many textural variations. Even within limestones of the same 
origin, a great range of textures is displayed. In some the texture is 
so dense that no visible grains are to be seen and the rock super- 
ficially resembles a felsite or basalt. On the other hand, it may be 
coarsely granular with the calcite or dolomite readily recognizable. 
In many limestones fragments of seashells of various kinds may be 
present. In some limestones, Tounded particles known as oolites or 
pisolites are abundant. Oolites and pisolites are concretionary 
structures, generally built of concentric layers deposited about a 
nucleus. Oolites are about the size of a pinhead, while pisolites 
average about the size of a pea. Some rock types other than the 
carbonate rocks show oolitic or pisolitic composition, as for example 
certain iron and aluminum ores. Typically, however, this character 
is best displayed in limestone. 

Organic Limestones. Limestones may be developed through the 
accumulation of the hard parts of many organisms, particularly the 
marine invertebrates which use calcium carbonate in manufacturing 
protective and suppoiting structures. Shell sand and shell bank;, as 
well as coral reefs and coralline sands, are examples of present-day 
carbonate deposits that are familiar to all. 

Precipitation of calcium carbonate is also brought about by the 
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action of subaqueous green plants which remove carbon dioxide 
from the water, changing the soluble calcium bicarbonate to in- 
soluble calcium carbonate. Both algae and bacteria are plants that 
have varieties which cause the precipitation of calcium carbonate. 
Accumulation of calcareous muds, silts, or clays are sometimes called 
marl. 

Inorganic Limestones. Inorganic precipitation of calcium car- 
bonate is brought about in a number of ways. Any disturbance or 
agitation which lowers the carbon dioxide content of the water may 
cause precipitation. Release of pressure or warming of the water may 
also reduce the carbon dioxide content, giving rise to precipitation of 
the carbonate. Evaporation may have the same result. 

Siibtfarieties. From the foregoing summary of the two principal 
types, it may be seen that a considerable variety of environments 
gives rise to limestone deposits. These environments include the 
shallow water marine zones, caves, springs, lakes, and the dry plains. 
Furthermore, clastic limestones may be formed at any place where 
pre-existing limestones are being reworked. Many names have been 
applied to lime deposits. A few of the more common are: 

Chalk. An accumulation of powdery calcium carbonate. It is 
probably of both organic and inorganic origin. 

Caliche. A crusty deposit of calcium carbonate and sometimes 
other substances, due to the evaporation of soil waters at the surf'^ce 
of die ground in dry regions. 

Coquina. A limestone made up largely of shells and shell frag- 
ments. 

Lithographic Limestone. A very uniform, dense-textured lime- 
stone used in lithographic work. 

Mexican Onyx. A layered deposit formed on the floors and 
walls of caves, and less commonly about springs. 

Stalactites and Stalagmites. Waters leaking through the roofs of 
caves may deposit calcium carbonate in the form of stone icicles 
pendent from the roof or build up columns from the floor where the 
dripping water strikes. The pendent forms are called stalactites; 
columns rising from the floors are called stalagmites. 

Travertine. Compact and banded deposits, particularly about 
springs. 
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Tufa or Calcareous Tufa. Also a spring deposit, being very por- 
ous and spongy in character. Tufas are also deposited in salt lakes 
and playas of dry regions. 

The discussion so far has dealt chiefly with the limestones. There 
are a number of other varieties of carbonate rocks, for example the 
magnesium and iron carbonates, and others less extensively de- 
veloped. Aside from the limestones, however, magnesium limestones 
and dolomites art the most widespread and impoitant members of 
the carbonate group. Dolomites are rocks made up wholly or in 
large part of the mineral dolomite, which is the double carbonate 
of calcium and magnesium— CaMg(CC),)j. There is a tendency 
among geologists at present to substitute the term dolostone for the 
rock type, thus restricting the term dolomite to the mineral species. 
Dolomite is formed in a number of different ways. Replacement 
of part of the calcium of limestones by magnesuim is the most im- 
portant and widespread process involved in the formation of dolo- 
stone. The replacement is not always complete, and there arc many 
gradations bettvecn limestone and dolostone. The replacement of 
calcium by magnesium probably occ urs in most instances in the early 
stages of consolidation. Most dolostone appeals to have been formed 
in shallow marine waters under reducing conditions. 

Physical Properties of the Carbonate Rocks. The range of values 
for the physical properties of the individual carbonate rcKk types is 
large, as might be anticipated Irom the variety of types juSt listed. 
Color, strength, porosity, and permeability are among the most 
significant. 

Color. limestones vary in color from almost pure white through 
varying shades of gray to black. The darker shades are, in most 
instances, caused by carbonaceous material. The presence of iron 
oxides gives rise to buffs, browns, and reds. The dolostones aie com- 
monly light in color. They often carry ferrous iron compounds 
which oxidize, tinting the rock shades of buff and brown. 

Strength. The strength of most limestones and dolostones used 
for building purposes is sufficient to give a reasonable safety factor. 
As in the other types of rocks, the strength properties vary with the 
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degree of consolidation. Because the carbonate rocks are readily 
recrystallized, the individual calrite and dolomite crystals are firmly 
interlocked, and the cohesion of most limestones is in a large meas- 
ure due to recrystallization. Appendix II shows the strength prop- 
erties of a number of limestones and dolostones. Crushing strength 
ranges between 10,000 and 15,000 pounds per square inch for many 
commercially used limestones. Fewer data are available on trans- 
verse and shearing strengths. 

Porosity and Permeability. The intergranular porosity of lime- 
stone and dolostone is generally low, and the absorption of sound 
types is correspondingly small. Because the carbonate rocks are rela- 
tively soluble, however, solution cavities may be abpndant, and many 
of the joints are enlarged by solution. In fact, the presence of 
solution cavities and hence ready permeability should always be 
suspected until contrary evidence is secured. 

Uses. The carbonate rocks, particularly the limestones, have a 
very wide use in modern industry. The diversity of their applica- 
tion and the volume of demand arc probably exceeded by no other 
group of consolidated rocks except the coals. The largest single use 
is as crushed stone. More than 65 million tons of limestone are 
crushed annually. The next largest use is as a fluxing stone in metal- 
lurgical fields. Limestone is one of the leading dimension stones, 
being utilized both for internal and external work. The chief in- 
gredient in the manufacture of cement is limestone. Commercial 
lime is derived from the binning of limestone, and land lime is 
pulverized raw limestone. Among the many other uses might be 
mentioned manufacture of rock wcxil, glass manufacture, and sugar 
refining. Dolostone also has a wide use, as crushed stone, in the 
manufacture of paper, in the production of magnesium land lime, 
and as a source for metallic magnesium, as well as many others. 

SiMCEous Sediments 

Siliceous sediments are those composed chiefly of silica. Ex- 
cluded from this group, however, are the siliceous sandstones and 
quartzites. The texture of the siliceous sediments is characteristi- 
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tally dense. They are, for the most part, chemical precipitates or 
replacement bodies. The most common occurrence of these sedi- 
ments is as nodules, lenses, or beds in association with limestones 
and shales. Fig. 7-2 illustrates a typical example of nodular or lens 
occurrence. 



Fig. 7-2. Chert lenses In limestone near Columbia, Missouri. 


Ground waters carrying silica may effect a bit-by-bit replacement 
in such a way that even the most delicate structures may be retained. 
A common example of siliceous replacement, familiar to must, is 
petrified wood. Rock, as well as wood, may be replaced; limestone 
and dolostone, for example, are especially susceptible to silicincation. 
Replacement by silica may be localized by some particular stratum 
of rock, by a fault or fracture zone, or along the margin of an igneous 
intrusion. It is probable, likewise, that some siliciheation takes place 
beneath the seas in the early stages of lithihcation. Some siliceous 
sediments are of organic origin, resulting from the accumulation of 
siliceous remains of certain organisms. 

Varieties. The siliceous sediments, like the carbonate rocks, dis- 
play a great variety. Only the most abundant types— chert, jasper, 
and Hint— are included in this discussion. 

Chert. Chert is a dense-textured, white to buff colored rock, 
which occurs as lenses or nodules or as beds usually associated with 
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limestone. Typically it shows a conchoidal fracture. The lenses are 
commonly confined roughly to a single bed or distributed parallel 
with the bedding of limestones. The lenses vaiy in size from a few 
inches to a few feet in thickness, and from a few feet to twenty or 
thirty feet in horizontal dimensions. Massive beds of considerable 
proportions, however, are not uncommon. 

Jasper and Flint. Jasper and flint are similar in composition and 
occurrence to the cherts. They, like the cherts, are dense in texture 
and commonly break with conchoidal fracture. The jaspers are 
colored red; the flints dark gray to black. Jasper is commonly asso- 
ciated Avith ferruginous rocks; flints are abundant in chalk beds. 

Properties. Chert and its variations, jasper and flint, are dense, 
hard, and somesvhat brittle. Ficsh sound chert makes good giavel 
or concrete .'iggregate. The experience of engineers in a number of 
states, however, has shown that many cheit fragments embedded in 
the surfaces of concrete pavements tend to shatter and pop out, leav- 
ing pits in the pavement. The explanation tor this seems to be that 
some chert is honeycombed tvhere associated calcite has weathered 
out, rendering the chert susceptible to frost action. This may be 
enhanced also by the development of incipient cracks in ctushing, 
owing to the brittleness of chert. 

Carbonaceous Sediments 

Man^ accumulations of vegetable matter are found throughout 
the recently glaciated regions in depressions and swamps. Similar 
accumulations are being formed in swamps in other parts of the 
world as well. In the stagnant water of swamps, the decomposition 
of vegetable matter produces substances of preservative nature in 
that they are poisonous to the microbes of decay. The accumulated 
and partially decomposed vegetable matter, pickled in its own juice, 
is termed peat. Often, an admixture of inorganic material, prin- 
cipally fine mud or clay, is found with the peat. This mixture is the 
muck of engineering practice. Not uncommonly, peat deposits mar- 
gin lakes with low banks. Because of the high water content, peat 
and muck are highly compactible. It has been suggested that 1 foot 
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of peat at the surface may compact to a thickness of 1 inches in a 
deep bog.’ 

Biochemical alteration of peat into humus, probably largely by 
the action of anaerobic bacteria and continued compaction, gives 
rise to the so-called brotvn coal, or lignite. Further compaction with 
the attendant chemical changes transforms the lignites into the higher 
rank coals, bituminous and anthracite. Carbon-rich mut ks and clays 
arc consolidated into black shales, which on metamorphism become 
black slates and graphitic schists. 
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METAMORPHISM AND THE 
METAMORPHIC ROCKS 


M hl AMORPHISM IS A GtMRXL OR HROAD 1 I R \f WHICH 

includes all lock altetation. Commonly, however, a moie 
restricted usaec is lollowed, wheieby metamorphism includes only 
pioccsses which lemake the rock into one ol equal or greater coher- 
ence and crystallinity The agents that pioduce metamorphism aie 
heat, stress, and solutions. 1 he dominant process is rcxiystallization. 

PROClSStS Ob Ml lAMORlMlISM 

Four processes may be distinguished in an analysis of metamoi- 
phism: granulation, plastic defoimation, lecrystalli/ation, and meta- 
somatism. Although for convenience these aic considered separately, 
in natuie the processes oveilap and lic(|uently ha\e been concur- 
icntly eftective in the production ol meiamorphic rocks. 

GraniUation. Breccias formed by the c lushing of rock along 
faults have already been noted. In deeply buiied masses, however, 
crushing may be pervasive, and brecciation may amount to pulveri- 
zation. Breaking of the minerals is generally initiated at their 
margins; projections are broken off, and the margins crushed. Ulti- 
mately, the whole mass may be pulverized, forming a micro-breccia 
or mylonite. This crushing, c'alled granulation, takes place without 
development of vi.sible openings and without loss of cc^herence. 
Depth of burial, conliiiement, and lapid sticss application conse- 
cjuently are implied. 

Plastic Deformation. Plastic deformation is noiielastic change 
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of shape or form of a solid without conspicuous fracture. If any 
crystal is sufficiently stressed, fur example, it does not return to its 
original form on removal of the stress, but remains at least partly 
deformed. In individual crystals this strain is most commonly ac- 
complished by slip or gliding along internal crystallographic planes 
or by twinning. In some metals it has been shown that the slip bands 
are on the order of one micron apart. In the plastic deformation of 
crystalline rucks, flexible minerals, such as mica, may be bent. 

Recrystallization. Recrystallization is the regrouping of the ele- 
ments into new crystals. Atomic rearrangement may form either 
new minerals or new crystals of minerals formerly present. Just how 
this rearrangement takes place is not fully understood, although 
recent work has shed much light on the matter. Plastic deformation 
and granulation have been described as processes of metamorphism. 
During granulation heat is produced, which locally may be even 
sufficient to partially melt the rock. During granulation, also, in- 
dividual crystals are plastically deformed. If a crystal is stressed to 
the point of plastic deformation (slip on gliding planes), and the 
deforming stress removed, there is a residual internal stress pro- 
duced by the deformation, due to bending or distortion of the lattice 
adjacent to the gliding planes. This stored energy of deformation 
—strain energy— is the “driving force” for recrystallization of stressed 
materials. As stated by Buerger and Washken: > “If a mineral which 
is so deformed is subjected to conditions under which a transfer of 
its matter is possible, it will distill, or dissolve, so that its matter 
comes to be added to a strain-free crystal or crystals. To have this 
transfer take place, it is only necessary to heat the strained mineral 
until its vapor pressure gives rise to an appreciable transfer of ma- 
terial from strained to unstrained crystals. Alternatively, the trans- 
fer may be accomplished by placing the strained mineral in a fluid 
in which it is slightly soluble. Either means provides the vehicle 
for transfer of matter from, strained to unstrained crystal, and hence 
induces recrystallization.” It may be noted, in addition, that the 

' Buerger, M. J., and Washken. E., "Metamorphism of Miiieralt," Amer. Mineral- 
0 ^ 1 . Vol. S2, 1947, p. 297. 
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solubility of minerals is greatest at points of maximum stress. At 
these points mineral substance may pass into solution to be rede- 
posited in positions of less stress concentration. Thus, a very small 
amount of fluid in many rocks may be a highly effective agent of 
recrystallization, since even in minute quantity it may form a 
medium through which atoms may move from one position to an- 
other. In the absence of solvents, recrystallization takes place only 
if the critical temperature for the considered mineral is reached. 
The critical temperature decreases, however, with an increase of 
deformation. Dry recrystallization is probably less common in rock 
metamorphism, however, than in transformations of metals. 

Certain minerals characteristically developed in a stress environ- 
ment, mica for example, have compositional water in their formulae. 
Hence, those rocks which contain an abundance of secondary mica 
or other hydrated minerals are probably the results of metamorphism 
of weathered or altered rock, for fresh igneous rocks are nearly anhy- 
drous. Hydrated minerals, such as kaolinite, may supply a part of 
the necessary water. 

From the foregoing discussion of recrystallization, it can be seen 
that precedent or contemporaneous deformation is an aid to recrys- 
tallization because both strain energy and heat are generated. An- 
other process of recrystallization, however, should be mentioned. 
Many powdered solids, pressed together and heated at elevated tem- 
pcrature%, although well below the fusion or evaporation points, 
sinter into firm masses. The driving force is the surface energy, 
which is proportionately larger, the smaller the initial size of the 
particles. 

In the recrystalli/ation of rocks, it appears probable that both 
strain energy and free surface energy are important factors and, in 
conjunction with elevated temperatures and the presence of water, 
bring about the transformation. Recrystallization is a slow, piece- 
meal process. The rock is reconstituted, and often made stronger 
and more compact, by its failure to withstand overpowering stresses. 

Metasomatism. Metasomatism is defined as the essentially simul- 
taneous solution and precipitation of mineral matter at a common 
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point or place in the rock. It is a «'olume for volume replacement of 
one substance by another. A product of metasomatism familiar to 
all is petrified wood. Examples of mineral metasomatism are abun- 
dant and are of particular importance in the study of ore deposits. 
Inasmuch as the replacement is a volume for volume substitution, 
even perhaps in atomic or ionic units, the preservation of structures 
and textures may be perfect, as illustrated by the delicate wood cell 
structures frequently exhibited by petrified wood. Whereas recrys- 
tallization may take place in essentially closed systems, replacement 
implies an open system with introduction and removal of material 
which may locally involve enormous amounts. 

Replacements in the surficial zones of weathering are effected 
through the agency of subsurface water. In the deeper zones, how- 
ever, the common source of mineralizing or replacing solutions is 
the crystallizing magma of an intrusion. Any avenues of ready per- 
colation, as fracture planes, permeable beds, solution channels, folia- 
tion planes, or cleavage cracks, serve as lines of entrance and advance 
of the gaseous or watery solutions which are the agents of transfer, 
solution, and precipitation. Much of the material removed may 
ultimately find its way into the ground water system. 

If the magmatic emanations are gaseous, the alterations produced 
are pneumatolytic; if they are aqueous, the metamorphism is called 
hydrothermal. Aside from the ore minerals, those commonly intro- 
duced metasomatically are tourmaline, fluorite and the fluorine- 
bearing micas, chlorine-bearing apatite and scapolite, pyrite, garnet, 
and soda and potash feldspars. These minerals indicate that the 
emanations commonly contain fluorine, boron, chlorides, iron, soda, 
potash, and silica. All rocks are susceptible to replacement. The 
carbonate rocks are the most readily replaced, and the quartz rocks, 
although not immune to the process, are the least susceptible. 

Types of Metamorphism 

Two general types of metamorphism are distinguishable: contact 
metamorphism and dynamic metamorphism. The first, contact meta- 
morphism, occurs in association with igneous invasions; and the 
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second, dynamic metamorphism, occurs in association with major 
earth movements and deformation. Over wide areas where intrusion 
and mountain-making have been effective, metamorphism may be 
general; hence the expression regional metamorphism is frequently 
used by many geologists. 

An elevation of temperature with increasing depth is universally 
noted, although values tor the increase are variable in the several 
localities where measurements have been made. The average in- 
trease in temperature with depth is roughly PC. per 100 feet. 
Temperature data are available tor only a small fraction of the 
eaith’s radius, however, and any extrapolation of the thermal gradi- 
ent curve to great depth is at best inferential. In the deeper zones, 
nevertheless, it is safe to assume temperatures high above those of 
most parts of the outer zones. It may be estimated, for example, that 
at depths of some 7 miles the tempeiatures appioach the critical 
temperature of water (364''). Based on the concept of temperature 
increase with depth, some geologists recognize thermal depth zones 
of metamoiphism. The common cause for elevated temperature in 
the outer segments of the earth, however, is the movement of magma 
from within. Hence the most commonly observed metamorphic 
changes due to high temperatures are those associated with igneous 
intrusions. The heat effects are hxrali/ed about the intrusion, form- 
ing a metamorphic aureole, which seldom extends as much as 2000 
feet from^he contact and is commonly of much lesser extent. Solu- 
tions may or may not enter the contact rex-ks fiom the intrusion. 
Although the intrusion may set up shearing stresses in the contact 
rocks, it appears that more commonly, perhaps, the stresses are 
balanced, or hydrostatic. Dynamic metamorphism on the other hand 
implies rcxik ffowage or deformation under the influence of differ- 
ential or shearing stresses. The temperatures may be either high or 
comparatively moderate. 

Contact Metamorphism, (xmtact inetamorpliism may be the re- 
sult of temperature increases acting under hydrostatic pre.ssuics, with 
little if any introduction of material from the magma, ('.ontact 
metamorphism may also take place with the intioduction of mag- 
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made consdtuents on wholesale scale. The explanadon of the two 
different types is probably found in the distinction between “dry” 
and “wet” m^mas. The dry magmas are poor in volatile constitu- 
ents such as HgO, Cl, B, F, and others; whereas wet magmas are 
reladvely rich in those fugitive constituents. The contact effects of 
the dry magmas may be designated as thermal metamorphism: the 
contact effects of the wet magmas may be called additive contact 
metamorphism. 

Thermal Metamorphism. Heat effects alone produce baking and 
hardening, dehydration, and frequently induce some degree of re- 
crystallization, with a resultant coarsening of texture. 

The efficacy of some solvent medium in the rock to promote 
recrystallization has already been indicated. Interstitial or compo 
sitional water, as well as water contributed from the magma, serves 
as an agent of recrystallization. Most magmas crystallize at tempeia- 
tures of less than 1000° C. and some below 600° C. There is, con- 
sequently, little evidence of pure melting along igneous contacts. 
Whatever the temperatures of magmas may have been at great 
depths, by the time they have reached the levels of final consolidation 
they are unable to melt the minerals of the walls and roof rocks. 

Not infrequently a zonal gradation of metamorphic effects is to 
be noted about an intrusion. This is specially true if the country 
rock is argillaceous or calcareous. At some distance out from the 
intrusion chlorite may appear in the country rock, the chlorite zone. 
Nearer the intrusion biotite may appear, indicating a higher grade, 
or higher temperature meumorphism; still closer to the contacts 
higher temperature minerals, such as sillimanite, are developed. The 
mineralogical transformations are usually accompanied by an in- 
crease in grain size so that the rocks adjacent to the contact itself 
may be coarsely crystalline and altogether different in aspect from 
those of the original rock. 

High pressure of the hydrostatic or balanced type favors diminu- 
tion of volume. Hence during recrystallization, recombination of 
many of the elements may form denser minerals. One result of re- 
crystallization, the formation of metacrysts, is noteworthy because 
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rliose trystals of metamorphir origin are frequently mistaken for the 
phenocrysts of a porphviitii. igneous rock MetanyUi are metamor- 
phu minerals oceiiiring as crystals larger in size than the grains which 
surround them (Fig 8-1) Unlike phenotiysts which develop early 
in the consolidation of the igneous poiphyries, metacrysts are late 
crystallizations in solid rock. They are apparently a response to the 
demand of the pressure for diminution of volume. Most metacrysts 



Fig 8 1 Metacrysts in meta morph ic rock. 


are anhydrous silicates of high specific gravity. Common minerals 
occurring as metacrysts are garnet, andalusite, staurolite, and feld- 
spar. Metacrysts are not limited to contact metamorphic rocks. They 
are also found in dynamically metamorphosed icKks 

Additive Metamorpht^m. About many igneous intrusions there 
have been large-scale transfers of igneous material into the wall and 
roof rocks. The contact rcKks are thus made up of materials of 
mixed origins and consist of a host and its guests. These mixed rocks 
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are called migmatites. Most migmatites have a somewhat granitic 
composition, and many have metacrysts. The common mineral con- 
stituents are feldspar, quartz, mica, hornblende, garnet, cordierite, 
sillimanite, epidote, calcite, and frequently sulfides. 



FK 8-2. Above: Mlgmatite fomed by fracture controlled injection Below Migmatite 
formed by lit par lit injection 


In many contact zones, magmatic solutions are forced into the 
country rock along the paths of least resistance If the Country rock 
is jointed, the joints are occupied by a network of ramifying dikes, as 
shown in Fig. 8-2A. If the host rock is foliated or bedded, thin sills 
may be forced between the layers of bedding or foliation in countless 
numbers, giving rise to the so-called lit-par-lit structure of the type 
shown in Fig. 8-2B. The solutions invading the host rock may be 
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normal magmatic solutions, giving rise to dikes and sills; or they 
may be quite watery, thinly fluid, or even gaseous, giving rise to 
veins. In the latter case, extensive alteration and metasomatism of 
the rock adjacent to the vein may take place. 

Locally, unaltered sediments when traced along the strike show 
changes in composition, becoming progressively more granitic. 
More and more material appears that was lacking in the unaltered 
sediment, and it might be assumed that introduction has taken place. 
The sedimentary structures, bedding and folds, however, may be 
preserved, marked out by banded contrasts in mineralogy of the 
Igneous-looking rock. The substitution of igneous material in these 
instances must have been passively achieved, by metasoniatic replace- 
ment pervasive throughout the mass. The process is frequently 
called granitization .Some geologists hold that the change does not 
mean large-scale introduction and removal of material, but rather 
that most of the alteration is due to recrystalliration without much 
change of bulk composition. 

The problems of igneous contacts, metasomatism, vein forma- 
tion, and rock alteration are of high importance in mining geology. 
It IS only necessary to point out that many, if not most, ore deposits 
are related to igneous activity. A study of migmatites leads natu- 
rally to the consideration of some of the major problems of geology 
which are beyond the scope of this volume, as for example the origin 
of granites knd other igneous rocks. 

Dynamic Metamorphism. Metamorphism due to plastic solid 
flow of rocks is called dynamic metamorphism. Rock flowage is the 
yielding of the mass, change in shape, without conspicuous fracture. 
Soft unconsolidated sediments, as clay for example, fail plastically 
hy inteigranular rearrangement. In the plastic deformation of solid 
tocks, however, intragranular adjustment and recrystallization in- 
duced by the strain are of much greater significance. 

Foliation. It was noted in the discussion of contact metamor- 
phism that pressures were essentially hydrosutic. In dynamic meta- 
morphism unbalanced stresses are in control. The rock mass under- 
S<^s elongations and shortenings. Because this is true, there is a 
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directional control for the orientation of the new minerals adapted 
to the stress environment which are formed by the rearrangement 
of the elements (oinpnsed in the mineials of the io(k priot to altera- 
tion. Some minerals, like the micas, amphiboles, and chloiites, are 
particularly influenced by this dhectional control and crystallize in 
positions subparallel to each other and to the plane of rock elonga- 
tion. This principle is illustrated in Fig. 8-3, which shows a cross- 
section of a unit sphere of rcx;k, deformed into an ellipsoid. The 
long axis of the ellipsoid, designated A, is the direction of greatest 

elongation. The short axis, des- 
ignated C, is the axis of greatest 
shortening. The intermediate 
axis, B, is normal to the plane of 
the paper. It is obvious that the 
plane of maximum elongation is 
the plane including the A and B 
axes. Mica plates have been 
oriented during growth so that 
they lie with their cleavage planes 
parallel to the elongation plane 
of the icxk, and perpendicular to 
the axis of greatest shortening. 

Ik 8-3 Crmswcuon of a sphere dc- This subparallel arrangement of 
formed into an ellipsoid. , . , 

platy or needle-hkse minerals 
brought about by recrystalli/ation during rock flow is called folia- 
tion. The foliation planes are comparable to the leaves of a folio 
or book, hence the name. 

In part, foliation is doubtless brought about by reorientation of 
the grains already present in the unmetamorphosed rock. More im- 
portant, however, is the development of the relatively few platy and 
elongate minerals characteristic of the foliates at the expense of the 
minerals in the unaltered rcKk. This is clearly demonstrated by the 
great increase in amount of mica, amphibole, or chlorite in the meta- 
morphosed rocks as compared with their unmetamorphosed equiva- 
lents. Foliation is especially common in folded sedimentary rocits. 
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it also develops as a result of rock flow attending faulting or shear- 
ing, intrusion, or as a result of superincumbent load, and it is found 
ihcretore in rocks of diverse origin. 

The necessary condition for the developntent of foliation in 
inctamorphic rock appears to be rock flow, which gives directional 
control to minetal growth during recrystalliration. Foliation dis- 
plays all degrees of perfection. If the rock has a favorable chemical 
composition, the foliation may be very perfect, as in slates; if the 
chemical composition permits only a limited development of min- 
eials of the platy or needle-like habit, foliation is crude. The factors 
of tctnperatine, stiess, rate of stress application, load, and solutions 
piescnt aie certainly important, but difficult to evaluate. Elevated 
temperatures, deep burial, shearing stresses, sufficient water, and a 
favorable bulk rli'*mical composition are requisites for foliation de- 
velopment. 

Massive Struituie. Not all dynamically metamorphosed r(x:ks 
have foliation. Some minerals, notably quart^, c alcite, and feldspar, 
which are common in the metamorphic rcKks, do not give rise to a 
foliated structure because of their crystal habits. Rocks composed 
dominantly of these minerals, consequently have a massive structure, 
with no preferred or easy direction of "splitability.” It is note- 
worthy, however, that careful micTOSCopic examination of many of 
tile massive metamorphic renks produced by rock flow reveals a 
degiee, at least, of orientation not megascopically observable. Cer- 
tain marbles, for example, cut with careful regard tor this structure 
may be transluient in thicknesses up to half an inch or more. Cut 
in any other direction, they are opaque in thicknesses of a minute 
fraction of an inch. 

The dynaniitally metamorphosed rocks often display metacrysts. 
These are apparently late in the history of recrystalliration; follow- 
ing relief of the deforming stresses by nick flow, hydrostatic pres- 
sures may prevail, favoring iiietatryst growth. Alternatively, some 
metacrysts are proliably inetasomatic replacements caused by solu- 
tions entering the rock after metamorphism. 
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Products of Metamorphism 

Metamorphic rocks, with minor exceptions, are crystalline. That 
means that in contrast with many sediments, the metamorphics arc 
almost exclusively composed ol interlocking crystals and not bonded 
together with cements. In tliis respect, they resemble the igneous 
rocks. They are frequently banded or foliated. Some igneous rocks 
also are banded and some have a crude foliation. These structures 
in the metamoiphic rocks, however, are better defined, more con- 
spicuous. more regular, and more frequent. Some metamoiphic 
rocks are massive. The massive metamorphics are haider and moie 
crystalline than the massive sediments and have a mineral composi- 
tion different from that of the massive igneous rocks. Some minerals, 
such as garnet, staurolite, sillimanite, graphite, and otheis, are good 
indicators of metamorphism, as are also mica or chlorite in great 
abundance. The principal difficulty, after some acquaintance with 
metamorphic rocks, is not to recognize their metamorphic character, 
but to determine the nature of their unmetamorphosed predecessors 
and the processes that have produced them. 

Classifiattion. Along many contacts, dynamic metatnorphism has 
worked with or follov^e^ contact action; and in many regions of fold- 
ing and deformation, contact or thermal metamorphism has played 
a role complementary to dynamic metamorphism. In terms of prod- 
ucts, therefore, it is not always possible to refer this rocl^ to contact 
action, and that one to dynainii action. Further, the same rock types 
may be produced by the two different classes of cause. The classifica- 
tion of metamorphic rocks, therefore, is descriptive rather than 
genetic. The scheme of classification (Tabic 8.1) is based on struc- 
ture, mineralogy, and grain size. The scheme is by no means com- 
plete but includes the commonly encountered typies. 

The Massive Rocks. The three principal types of massive meta- 
morphic rocks ace quartzite, marble, and hornfels. Of these, quartz 
ite and marble may be produced by either contact or dynamic meta- 
inorphism. Hornfels is always a product of contact metamorphism. 

Quartzite. Quartzites are metamorphic rocks of sedimentary 
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Tabli 8.1. Common Metamorpuic Rocks 


Texture 

Foliated 

Nonloliated 

Dense 

Slate* 

Hornfels 

Fine 

Phyllite 

(Micd visible as silky sheen) 

Hornfels 

Quart/ite 

(Dominantly quartz) 

Medium 

to coarse 

Schist ((ortimunU mica, chlontc, 
O! hornblende gi\e the foliation) 

Marble 

(Dominantly calcite 
or dolomite) 


Gneiss, 

(l-olidtion oiten poor, some without foUation. Feld- 
spar, mica, hornblende, quart/ common minerals.) 


origin composed largely or wholly of quartz. They are derived from 
quartz sandstones and siltstones and differ from them in their crys- 
tallinity and strength. 

Quartzites are the results of recrystallization. Both thermal and 
dynamic metamorphism produce them, and it is generally impossible 
to determine from the hand spiecimen which has produced the rock. 
A third type of origin for quartzites should be mentioned. In the 
t ourse of < ementation by silica, quartz sandstones or siltstones may 
become so completely cemented with quartz that porosity is reduced 
to practically zeio. The crystalline quartz precipitated as cement 
between quartz fragments of the sediment is as strong as the grains 
it crystallized against. The rock thus becomes a real quartzite. 
(^Cementation <if sediments, although commonly not treated as such, 
is actually a constructive metamorphic process.) 

The c olor of cpiart/ites varies from pure white to various shades 
of pink and i ed due to iron oxide tints. Shades of gray also are com- 
■mon. The texture is usually fine or dense. Quartz is the dominant 
mineral constituent and frequently makes up 98 per cent or more 
of the rock. Many sandstones and siltstones, however, are not pure 
quartz. Admixed clays and other minerals of the sediments on meta- 
morphism give rise to a variety of minor minerals in quartzites which 
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may be used in naming the rock. Micaceous quartzites, for example, 
are locally very abundant. 

Quartzites are readily identified by their hardness and toughness, 
quartz composition, and occurrence as beds in a sedimentary 
sequence. The light<olored quartzites resemble some felsitcs or 
aplites. The darker<olored quartzites may be confused with diabases. 
The "quartzy” luster, after a little practice, usually serves to dis- 
tinguish them. The recognition of phenocrysts or of a high propor- 
tion of feldspar indicates the rock is igneous. In the held, the mode 
of occurrence aids in classifying the rot k. 

Quartzite is a strong, wear-resistant rock. A summary of its 
strength properties is given in .\ppendix II. Quaitzite makes an 
excellent crushed stone for any engineering use. The dark gray 
quartzites are often referred to by engineers as "trap” rotk. Quart/ 
ite cubes are used in some ball mills, and some quait/ite is used as a 
silica source in the manufacture of glass. 1 he stone is dithtiilt to 
work because of its hardness and therefore is little used as shaped 
or cut stone. 

Marble. Marbles are metamorphosed carbonate rocks, derived 
from limestones and dolomites. Contact and dynamic metamorphism 
both produce marbles, and as with quartzites the distinction as to 
which process produced the rock is not commonly possible in the 
hand specimen. 

The color of marbles is variable, although if the rcKk* is pure 
calcite or dolomite marble it is generally white. Various impurities 
give rise to various shades, some of which are very attractive and add 
value to the stone. Greens, pinks, and buffs are common shades, and 
frequently black streaks are present. Green marble (verde antique’) 
is colored by serpentine; diopside is another green mineral found 
in some marbles. The pink and buff colors are due to iron, and the 
dark gray and black colors, generally in streaks, are due to organic 
matter of the limestones which have crystallized to graphite. Biotite 
or other dark minerals may be present. In addition to the minerals 
just mentiemed, actinolite and tremolite are common. Quartz, micas, 
and other minerals may be present in minor amounts, depending on 
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the purity and composition of the parent limestone. The presence 
of hard minerals in marble is injurious since it makes polishing more 
difficult. It is noteworthy that metamorphism brightens and clarifies 
the limestone colors. The texture of marbles is usually very uniform. 
It ranges from fine to coarse, depending upon the original texture of 
the limestone and the severity of metamorphism. 

Marbles are readily distinguished by their dominantly calcite or 
dolomite composition, uniform texture, and occurrence. Dolomite 
marbles are slightly harder than calcite marbles and require powder- 
ing to effervesce in cold dilute acids. 

The strength properties of marbles are given in Appendix II. 
The principal uses of marble are as cut stone for building and orna- 
mental or decorative use. Floor blocks, walls, columns, stairtvays, 
and counters ai. illustrative examples. Much marble is also used as 
monumental stone. Marble is used as a source for lime, and it is 
pulverized for whiting. Dolomite is also an ore of magnesium metal. 

Hornfels. Hornfels is a fine grained to dense, massive, contact 
rock. The most commonly recognized type is the cherty or felsitic 
looking dense hornfels that results from the baking and silicification 
of shales at igneous contacts. However, almost any rock type may 
crystal lire to massive sugary-textured types, and the mineralogical 
varieties of hornfels are, consequently, very diverse. Homfelses are 
rocks th|it have undergone thorough reciystallization under hydro- 
static pressures lather than under shearing stresses so that the min- 
erals have no prefeired orientation. The rock, therefore, is tough 
and strong. Hcjrnfels is not much used, although some makes excel- 
lent crushed stone. Most hornfels is called “trap” rock by contractors 
and engineers. For practical purposes, many homfelses can be 
satisfactorily classified as impure quartzites. 

The Foliated Rocks. Metaniorphic foliation, as already ex- 
plained, is parallelism of unequidimensional minerals. More or less 
synonymous with foliation are the terms flow cleavage, schistosity, 
and slaty cleavage. The common foliated rock types in order of in- 
creasing grain size are: slate, phyllite, schist, and gneiss. In a general 
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way, this arrangement also corresponds tp increasing intensity of 
metamorphism. 

Slate. Slate is a dense metamorphic rock, with a strongly devel- 
oped foliation. The rock cleavage, or "splitability,” is therefore 
excellent and is the outstanding characteristic of slates. 

The majority of slates are the result of dynamic metamorphism 
of argillaceous sediments. Altered basic igneous rocks of the fine 
textured types, however, have locally been altered to slates. In pre- 
vious discussion it was noted that the clay minerals are principally 
hydrous aluminum silicates. It was further noted that, as these are 
formed during the weathering processes, they tend to absorb or 
adsorb potash. The clays and shales, therefore, contain the ingredi- 
ents of mica and quartz. Under conditions of rock flowage at proper 
depth, shales recrystallize, with mica and quartz as the dominant 
constituents. Inasmuch as differential movement controls the orien- 
tation of crystals during recrystallization, the microscopic particles of 
mica are oriented parallel to a common plane (the plane of maxi- 
mum elongation) and give the rock a pronounced slaty cleavage or 
foliation. After slaty cleavage has been developed, further deforma- 
tion may crumple or fold the cleavage planes. 

The color of slates varies from iron-tinted reds through various 
shades of g^ay and green. The gray shades are due to carbonaceous 
matter, the greens to chloritic micas. The texture of slates is very 
fine or dense, and the foliation is good to perfect. The higheV quality 
slates can be split to thicknesses of a small fraction of an inch. Slates 
are composed principally of quartz and secondary mica (sericite), 
with pyrite, calcite, chlorite, and biotite common. If calcite is abun- 
dant, the term calcareous slate is used. 

Slate is used widely in the electrical industries as switchboards, 
bases, and various turned and shaped parts. In the construction 
trades, slate is used for shingles, floors, mantels, and in a variety of 
other ways. Roofing granules and slate-flour fillers are other uses, 
and the list could be greatly extended. 

Phyllite. Phyllites are strongly foliated metamorphic rocks simi- 
lar to the slates but of slightly coarser texture. Whereas in the slates 
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discernment of mica requires magnification, in the phyllites tiny 
glistening flakes of mica can be seen on close observation. The rcxk, 
therefore, is more lustrous than slate and commonly somewhat 
crumpled or warped, so that it does not split into plane surfaces as 
do the slates. The mineralogy of phyllites is similar to that of slates, 
and the rtx-k is a product of somewhat more intense or longer con- 
tinued metamorphism. 

Phyllites have little use. They are too soft for crushed stone, and 
too weak for structural uses. 

Schists are foliated metamorphic rocks of medium to 
roaise texture. They are the product of the same prex-esses of rocJt 
flow and rc*rrystalli/ation that produce slates and phyllites, but ear- 
ned to a higher degree. In slates, the foliation is called slaty cleavage. 
The foliation c f schists is called schistouty. Slatv c'leavage and 
schistosity differ only in perfection and si/e of grain. The perfection 
of schistosity varies. In some schists it is excellent; in others it is 
rc'latively poor. The schists with the most perfect foliation are those 
with the highest proportion of the micas. The common minerals 
whose dimension.il parallelism determines the schistosity or "splitta- 
bility” arc muscovite, biotite, chlorite, and hornblende. Quartz is 
present in most schists, but feldspar is present only in subordinate 
amount. The schists are frequently porphyroblastic, i.e., they fre- 
cjuently have metacrysts. (Jarnet, feldspar, tourmaline, staurolite, 
andalusit%, and other minerals are common as metacrysts. The 
colors of schists vary according to the mineralogical composition, as 
does also the perfection of cleavage. 

Schists are of little use. Because of the foliation, they are gener- 
ally weak rocks. Some schists especially rich in muscovite are a 
source of scrap mica. 

Gneiss. Gneisses are banded metamorphic rocks, generally of 
medium or coarse texture, and commonly with some degree of folia- 
tion or schistosity. Most gneisses are coarser than most schists and 
carry considerable feldspar. 

There are many varieties of gneiss, corresponding to several 
modes of origin. The bands of a gneiss are generally of contrasting 
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mineral composition. The banding may be due to differences in the 
original sedimentary beds, to segregation and recrystallization of the 
material of igneous rocks, ot to a crude foliation resulting from 
shearing and recrystallization. Feldspathic or granitic material in- 
troduced along bedding or foliation planes, or vein material simi- 
larly introduced or segregated, forms gneisses. In addition to the 
metamorphic gneisses, some igneous rocks have a primary foliation 
or flow structure. For these the term flow gneiss is sometimes used. 

Many gneisses have metacrysts. Feldspar is especially common as 
a metacryst mineral in gneiss. Garnet, sillimanite, and other meta- 
morphir minerals are also common, but feldspars, quartz, micas, and 
amphiboles are the dominant minerals of most gneisses. 

The names of the individual varieties of gneiss aie formed by 
prefixing qualifying terms. The results of bt-par-lit additions, for 
example, are frequently called injection gneiss. Similarly the terra 
vein gneiss is used. If a gneiss is obviously a sheared and recrystal- 
lized granite it is a granite gneiss. On the other hand, if the gneissic 
structure is a primary or flow structure, the rock is not metamorphii 
and is better called a gneissic granite, syenite, or other igneous type. 

Gneisses grade into schists. The distinction between the two is 
not very closely drawn. If a rock splits with a smooth surface along 


Table 8 . 2 . Some Common Metamorphic TRANsroRMAnoNS 
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Sedimentary 

Rock 
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Metamorphic Products 

Clay 

Shale 

Slate, phyllite, schist 

Marl 

Limestone 

Marble 

Impure lime 
mud 

Calrareous shale, 
or impure lime- 
stone 

Lime silicate rocks 

Sand 

Sandstone 

Quartzite 

Granite 


Granite gneiss 

Basalt 


Greenstone, chlorite schist, horn- 
blende schist, amphibolite 
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the foliation, it is a schist; if much feldspar is present it is a gneiss: 
if foliation is weak or absent and the rock is banded, it is a gneiss. 

Some gneisses are used as building and dimension stone. If folia- 
tion is not strong, it may be used for crushed stone. Gneiss is not, 
however, widely used. 

Summary ot MbrAMOReHisM 

Metamorphic processes arc gradational. A hard brittle mineral 
may be crushed while adjacent minerals are recrystallized. The softer 
argillaceous beds of a sedimentary sequence may be changed to 
slate or schist while comparatively little change is taking place in 
more resistant neighboring beds. Contact alterations are frequently 
accompanied by dynamic metamorphism, and vice versa. The prod- 
ucts of metamorphism are likewise gradational. Quartzites, for ex- 
ample, grade iritv, quartz-mica schists, with an increase in mica; or, 
if banded, they grade into quartzite gneisses. Similar gradations of 
<arbonate rocks, from marble to schist or to lime-silicate gneiss, are 
(oinmon. Table 8.2 shows the common transformations of rocks. 

The metamorphic processes are constructional in nature. The 
dements arc recombined into minerals stable under high tempera- 
tures, high pressures, conditions of plastic flow, or a combination 
of these. In addition there may be introduction or elimination of 
certain elements, or both. It may be noted that the processes are a 
leversal cjf those of weathering. The end-products of extreme meta- 
morphism may be truly igneous rcx:ks. 
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GEOLOGICAL STRUCTURES 


A ll rock massks have somk f eatcri s or dlsk.ns called 
Structures. 1 ho study of tfio atiRii^eiiioiits and significance ot 
these constitutes tlie held of geology teiinod Structural Geology. To 
(he engineer, miner, and ({uaii)iiian geologiial structures are of 
direct concern because tlie ease, inetfiod, and (ost of excavation de- 
pend in part ufion the strut ture ol the material. Many surface 
featuies of the earth are related to structuie. and the course and 
movement tif underground tsatcr are. in large irieasine, influenced 
by structure. 

Various types ol structures can be recognized, liroadly, these are 
classed as primary structures and secondary structures. Primary 
structure.^, for example stratification ol sedimentary rocks, are those 
structures formed at the same time as the rock mass itself or during 
its consolidation. Both sedimentaiy and igneous rocks have primary 
.structurbs, and many ol their metamorphic derivatives display 
primary structures which were not obliterated during the rock altera- 
tion. Secotidaiy .stiuctures are those produced during the post-con- 
solidation histtiry of the rix'k. Secondary structures include such 
features as folds, waips, rock cleavage, and many types of fractures. 
Although some parts of the earth’s crust have been more stable 
than others during the long course of earth history, the internal 
forces of compiession or uplift have affected all land areas, and 
probably all parts of the sea flcxirs. Ijirge-scale earth movements 
are termed diastrophism. Diastrophism includes two types of move- 
ment, epeirogenic and orogenic movements. The first of these, 
epeirogenic movements, are dominantly vertical, up or down move' 
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ments, which involve considerable area but do not cause much de- 
formation. Orogenic movements are those in which the horizontal 
component of displacement is considerable. They result in folding, 
mashing, and breaking of the rock masses involved. There are, of 
course, all degrees of deformation which range from the intense 
crumpling and squeezing of mountain zones to the scarcely per- 
ceptible warps of plains and plateau areas. 

Primary Structures 

The structures formed during deposition and consolidation of 
sedimentary rocks and those formed during the hardening of igneous 
rocks are useful indicators ot the conditions under which the rock 
was formed and consolidated. If primary structures are present in 
metamorphic rocks, they aid in the discrimination of metamor- 
phosed igneous rocks from metamorphosed sediments. Primary 
structures of both sedimentary and igneous rocks have been de- 
scribed in previous chapters, hence only brief discussion of these is 
added here. 

Primary Structures of Sediments. The most important and uni 
versally present structural feature ot sedimentary rocks is layering, 
or stratification. The layering may be due to differences m gram 
size, in color, in mineralogical make-up, or some combination of 
these factors. Air and water carry the bulk of sediment moved from 
one place to another. Because these are fluid agents which differ in 
competency from time to time and from place to place, they sort the 
materials they carry according to size, weight, and grain shape— 
hence stratification. Some sediments, however, as those formed by 
direct ice deposition, are not stratified. The most widespread sedi 
ments are those deposited in shallow seas. It follows that the layers 
or beds were deposited in essentially horizontal position. Where 
deposited on sloping bottoms, the strata have an original inclination, 
or initial dip. 

Sediments deposited near shore are generally coarser than those 
deposited offshore in deeper and quieter water. Varying strength 
of wave and current and irregularities of offshore slopes, however, 
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at many places prevent uniform seaward gradation of sediments. 
Storm disturbances and river floods, as well as positive and negative 
movements of the floors on which the sediments are deposited, also 
give rise to irregularities of grading. 1 hus it is that sedimentary 
strata vary not only vertically but also laterally. Terrestrial sedi- 
ments, those deposited by streams, in lakes, or on land surfaces, are 
notably less uniformly graded than marine sediments. Many ter- 
restrial sediments, particularly those of stream origin, are extremely 
variable in both plan and section. 

Minor structural features of sediments, such as mud crack, ripple- 
mark, and cross-bedding, have already been described. Masses of 
unconsolidated sediments abo\e or below water are subject to slides, 
slumps, and flows. These movements of unconsolidated material 
disturb the stratification and give lise to intricate patterns of minor 
crumples and faults which are commonly confined to a single bed 
or series of beds. When the loose material is consolidated, the evi- 
dence of soft-rcKk deformation is often preserved. During diagenesis 
(the time between depiosition and consolidation), compaction, settle- 
ment, and desiccation give rise to many cracks or joints which charac- 
teristically are discontinuous and irregular in pattern. 

Primary Structures of Igneous Rocks. Most igneous rocks display 
some structures formed during the intrusion or extrusion, or con- 
solidation period. The two principal types of these primary struc- 
tures art flow structures and fracture patterns. 

The primary flow structures consist of parallel arrangements of 
unequidimensional bodies or particles. Magmatic flow pulls these 
into parallel or subparallel positions. Oriented particles or bodies 
of plate-like or Ubular shape, micas, feldspar phenocrysts, schlieren, 
or inclusions, give a planar flow structure in which the long and 
mean axes lie in roughly parallel planes. In many lavas, planar flow 
structure caused by slight differences in viscosity or composition is 
strongly developed. The orientation of the flow planes is determined 
by the direction of magmatic flow just prior to congelation and, in 
general, is parallel to the contacts or nearest friction exerting surface. 
Oriented particles of elongate, needle-like, or spindle-shape bodies 
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as hornblende crystals, cigar-shaped inclusions, or streaks of mica or 
other minerals with the long axes parallel or subparailel, give a 
linear flow structure. Both linear structure and planar flow structure 
may be present in the same mass, either may occur separately, or both 
may be megascopically absent. An igneous rock that displays streaki- 
ness or banding due to magmatic flow is otien lalU'd a floxv gneiss. 
Igneous rocks with primary flow structure generally split or break 
more readily parallel with that structure than m any other direc- 
tion. 

The primary fracture patterns of igneous rocks consist ol joints 
or faults developed by the .stresses associated with intrusion or con- 
solidation either prior to or just after complete consolidation. Ten- 
sion joints, normal to elongation, and hence normal to flow structure 
if that is present, are abundant. Minor inward or outward directed 
faults or breaks caused by the upward or outward thrust ol the in- 
trusive mass are found in many intrusions. i)i\eisely oriented joints 
caused by contraction on cooling and solidification or by stresses 
asscKiated with intrusion also are numerous. Dilatanr cracking of 
an incompletely crystallized magma gi\es lise to many small peg- 
matite and aplite dikes, for any fluid residue adjacent to a crack is 
drawn into it. Many of the light-colored dikes normal to flow struc- 
ture are of this origin. Numerous other joints, still later, are coated 
with pyrite or other minerals as a result of emanations rising along 
the joints from below. Dike-filled or mineral-coated fractui^s often 
aid in determining which sets of joints arc primary, although, of 
course, not all of these are of primary type. 

SeCONOARS SlRUCIlJRI'S 

RcKks yield to overpowering stresses by breaking, bending, and 
by solid flow. The results of the failures constitute the features of 
rock masses called secondary structures. Laboratory tests on the 
materials of engineering, mortar, concrete, wood, and steel illustrate 
the principles of rcx:k failure. In nature, some rocks fail as plastic 
or ductile materials, and some fail as brittle substances. The condi- 
tions of failure, noubly temperature, depth of burial or confinement. 
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stresses applied, and rate of stress applications, as well as the com- 
position and crystallinity of the rock masses affected, are decisive in 
determining the structures which result on failure. Rocks which 
at the surface are brittle may, under high temperature and deep 
burial and when there is a slow application of stress, fail plasti- 
cally. 

As has been stated, rock masses subjected to overpowering 
stresses yield or, in the engineering sense, tail in various ways. In- 
deed, the manner in which rcKk masses accommodate themselves to 
overpowering stresses is not fully underst<x>d. The results of failure 
in terms of r<x:k structures, however, can be reduced to rather simple 
terms. The rock masses either bend or break, or bend and break with 
or without rock flowage. If the failure is dominantly by bending, 
simple or complex folds result. If the failuie is dominantly by frac- 
ture, there are two possibilities: the renk mass may shatter and crack 
without important movement or displacement along the breaks— 
a failure analogous to the cracking of shatterproof glass; or the 
rock mass on one side ot a fracture may be displaced in the plane of 
the fracture relative to the mass on the other side. The first type of 
fi.n curing is called jointing; the second type is called faulting. The 
principal secondary structures of rocks therefore are folds, joints, and 
faults. 

Folds. Folds vary from slight flexures of simple outline to intri- 
cate fofds made up of many minor folds. Scale, likewise, varies from 
minute crenulations a small fraction of an inch in length to grand 
features miles in length and several miles across. The primary types 
of folds are upfolds, or anticlines; downfolds, or syndines; and 
abrupt flexures or changes of inclination of horizontal or uniformly 
inclined beds known as monoclines. Anticlines and synclines arc 
commonly complementary. If, as has happened at many places, 
folds are ercxled, older beds appear in the central parts of eroded 
anticlines than at the outsides; in eroded synclines, the younger 
beds appear in the central part of the striu lure. The relations are 
shown in Fig. 9-1. 

Principal Pqrts of Folds. In the study of folds it is convenient 
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to recognize a number of fold elements or principal parts. These 
are the limbs, axial plane, and axis. 

The flanks or sides of folds are called the limbs. The structural 
attitude of the limbs (or of any inclined, near-plane surface, as a 
dike, sill, fault, or other plane feature) is expressed by strike and 



9-1 B 

Fic. 9-1. Eroded synclinc. Note cleavage intersecting the bedding and tubparallcl to 
axial plane of fold. (Photo by £. H. Perkins) 
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dip. The strike is the direction of the line of intersection between 
a horizontal plane and the considered plane (bedding surface or 
bedding plane); stated otherwise, it is the diiection of a level line 
on the inclined surface. The dip is the maximum angle of inclina- 
tion of the considered surface (bedding plane) measured from the 
horizontal. The diiection of dip is always at right angles to the 
strike. Dip and strike of inclined bt'ds are illustrated in Fig. 9-2. 
In the held study of stiuctures, the mapping of dips and strikes is 
the usual approach to structural 
analysis. However, if the beds 
are intricately folded, several 
hundred dip and strike determi- 
nations may not suflTtcc to outline 
the folds in an area of even a 
tew hundred square feet; hence 
other more constant elements of 
folds are important. 

The axial surface, commonly called the axial plane, is the surface 
which most nearly divides the fold symmetrically lengthwise. It 
may be a plane or warped surface, and it may be vertical, or it may 
be inclined. If the axial plane is vertical, the fold is upright or 
symmetrical; if the axial plane is inclined, the fold is overturned and 
asymmetrical. The intersection of the axial plane wuh the crest 
or trough of a fold is called the axis. The axis may be horizontal, 
or it may be inclined. The angle of inclination of a fold axis, 
measuied fioiii the horizontal, is called the plunge of the fold. The 
plunge is therefore a special case of dip measured on the crest or 
trough of a fold. The limbs, axial plane, and axis of a fold are shown 
in Fig. 9-3. The structural attitude of the axial plane is defined by 
its dip and strike, the structural attitude of the axis by the direction 
of the axis, projected to a horizontal plane, called the trend or strike 
of the axis, and by the direction and amount of plunge. From the 
relations of Fig. 9-3 it will be seen that unless the axis of a fold is 
horizontal, the trend of the axis and the strike of the limbs are not 
parallel. Further consideration will show that where folds die out or 





174 GEOLOGY FOR ENGINEERS 

disappear, they have a plunge: at the ends of every fold the axes are 
im lined unless the fold is (Ut off bv a fault or intrusion 

The dips and sttikes of folded beds may vaiv lafiidly fiom place 
to place, even within shott distances The attitudes of the axial 
planes and the trend and pitch of fold axes, however, commonly 
remain parallel or subparallel over considctable areas. And it may 
be furthei noted that the axial planes and axes of the littU folds 



that can be seen and measured in the single outcrop, even of the 
minute folds, give measurements applicable to the larger folds of 
the region which are inferred and demonstrable but never seen in 
their entirety. The little structures reflect the big ones. 

Mechanics of Folding. Folding of sediments takes place by sev- 
eral different means of accommodation to stress. In many folds, 
there has been a slip or shear between the layers. This is illustrated 
by the slipping of cards over each other as a deck is folded If the 
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cards are not permitted to shear over one another it is impossible 
to fold the pack Other folds are accompanied by a thinning of the 
flanks and thickening at the crest, rock flowage, or plastic deforma 
non, IS indicated In general, slips between the beds accompany the 
folding of stiong, competent locks (as qiiart/ite) thickening and 
thinning of beds, toek flow, accompany the foMing of weak inconi 
petenr locks (as shale) The folds of strong competent i\p< s of roc k 
lend to be bioadci and simplct in outline than those of weak incom 



Fic 9 4 Competent and incompetent beds in fold 


potent types It fiequently happens that stronsf and weak layers, for 
txample quart/ites and shaly beds, aluiintc in a sedimcntaiy senes. 
Generally the nioie massive, cfimpttent mtnibers make folds with 
relatively simple outlines, whereas the intticalatcd weaker mem- 
bers make folds of much more intricate pattcin A small scale exam- 
ple of this is illustrated by Fig 9 4 

Beds may be displaced along closely spaced slicaring fiactures 
in such a way as to produce apparent folding This may be illiis 
trated by ruling a line across the side edge of a deck of cards and 
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pushing up the middle cards from the end of the pack. The ruled 
line the form of an anticline. This type of structure, called a 
shear fold (Fig. 9-5), does not, however, imply folding in the 
ordinary sense of the word. Many folds in metamorphic rocks prob- 
ably have a minor component of shear folding due to displacements 
along cleavages parallel to the axial planes of true folds. 



Identificatton of Folds. At many plates where roc ks have been 
folded, erosion has truncated the structures and the synclinal oi 
?fi f irlinal nature of a fold must be infeircd If tht folding is open, 
the reversal of dips often suffices to identify the fold If the folding 
is close, i.e., .the limbs are so tightly appressed as to In ing opposing 
limbs in contact, detailed observations are necessary to determine 
synclines and anticlines. Structures which aid m making the infer- 
ence are drag folds, rock cleavage, and sedimeniaiy details which tell 
which side of a bed was originally the top and which was originally 
the bottom. 

Drag Folds. In many folds, weak layers are thrown into minor 
undulations, called drag folds, illustrated in Fig. 9-6. It is note- 
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woi thy that drag tolds are asymmetric, and by their asymmetry indi- 
tate the relative displacement of adjacent layeis In the folding 
(>1 a pack of cards it ssill be noted that each catd iiioscs up towards 
the crest of an anticlinal fold iclativc to the card just beneath it 
In a synclinal bend of the cards, each card moves towards the trough 
relatise to the caid just abo\e it Because the same type of relative 




ll< •) « Drig Uikl 1 hp cross h itchtcl irea at tht Icit is shoiiii iii ilcuil at the Tis[ht 

movement or shear takes place between beds in the folding of sedi- 
ments, It IS frequently possible to use diag folds to deieiniine on 
which limb of a sync line or anticline a considered exposuie lies, as 
was shown in Fig ‘) (i A gieat many field observations have shown 
that the axial planes of drag folds tend to paiallel the axial planes 
of the larger folds to which they are related It has been iuithei 
shown that the axes of drag folds tend to be lelativcly unifoiin in 
direction and plunge throughout large areas and are, for the most 
part, subpaiallel to the axes of the major folds Theie are all scales 
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of drag folds. Many drag folds are related to larger folds which are 
themselves drags related to yet larger structures. One of the cardinal 
principles of structural geology is that the smaller elements com- 
monly simulate the larger ones. 

Rock Cleavage. When shear between beds occurs, whether re- 
lated to folding or faulting, a complementary system of fractures 
often develops. In the weak beds, these fractures are often closely 
spaced. These closely spaced joints give the rock a capacity to split 
in thin sheets, i.e., they impart a fracture cleavage. Fracture cleavage, 
when developed in the course of folding, indicates the relative dis- 
placements or shear between beds in much the same way as do drag 
folds and is therefore a useful clue in the determination of folds. 
The plane of fracture cleavage gives a rough approximation of the 
axial plane of the fold, and hence its intersection with a bedding 
plane gives an approximation of the plunge of the fold. The forma- 
tion of schistosity or flow cleavage has been discussed in the chapter 
on metamorphic rocks. Flow cleavage parallels more perfectly the 
axial planes of folds to which it is related than does fracture cleavage. 
The relation of cleavage to folds is shown diagrammatically in Fig. 
9-7. In folds that have been so tightly compressed that the beds of 


Fic. 9-7. Above: Cjeavage 
related to folding. Below 
Cleavage not related to fold 
mg 



the opposite flanks are parallel, cleavage on the flanks is parallel or 
so nearly parallel to the bedding as to be of little use. At the nose 
of the fold, however, i.e., where the fold closes with convergence or 
divergence of the beds in plan, cleavage and bedding are at an angle 
to each other, and the relations are useful. It should be remembered 
that fracture and flow cleavage can be superimposed oit a region 
after the folding has been accomplished and, consequently, are not 
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necessarily related to the folds. If, for example, as shown in Fig. 
9-7, the cleavage cuts across a structure, it may be assumed that 
folding and cleavage are unrelated. 



Fig 9 8 . Fracture cleavage intersecting bedding. 


Sedimentary Details. The tops of the beds face outwards from 
the axial plane of an anticline, and inwards towards the axial plane 
of a syMcline. In a sequence of sediments, therefore, minor structures 
that tell which side is the top of the bed distinguish on which side 
of a told the exposure lies. Cross-bedding, oscillatory ripple mark, 
and grain-sized gradations are often found and are commonly diag- 
nostic, The determination of tops by cross-bedding and oscillatory 
ripple mark is indicated by Fig. 9-9. The laminae of cross-bedding 
are truncated on the top side and turn tangential to the true bedding 
on the bottom side. The crests of oscillatory ripple mark, tops, are 
sharper than the troughs. Many sedimentary layers are coarser- 
grained at the bottom than at the top. And although this criterion 
is less reliable than cross-bcdding or oscillatory ripple mark, it is 
often useful. 
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Rock Fractures. Rocks ohen rupture under stress, (ailing in ten- 
sion or shear or botli. If there is no significant movement parallel 
to the rupture suifaces, the break is called a joint. If the rock masses 
on opposite sides of the rupture are relatively displaced, the break is 
called a fault. Both joints and faults are structures of practical in- 
terest, for in addition to determining the case and costs of excava- 
tion, groundwater moves along them, and along them alteration 
proceeds. 

Joints. Attention has been called to the joints of both igneous 
and sedimentary rocks formed in the early stages of the rock history. 
The primary joints of sediments, formed during consolidation, com- 
paction, and desiccation, were characterized as being typkally short, 
discontinuous, and irregular in pattern. Weathering of tonsolidated 
rocks produces joints that are likewise short, discontimums, and 
irregular. In contrast, joints that are developed as a response to 
overpowering stress are frequently quite regular in pattern, often 
long, and at many places strikingly geometric in plan. Regular joint 
patterns are found, however, in many essentially horizontal sedi- 
mentary rocks. Joints are al$o very common parallel to the bedding 
planes of sediments. In shales, bedding plane joints are so closely 
spaced that shales arc said jo have fissility. Ready planes of parting 
parallel to the bedding are usually present between rock layers of 
different types, for example between muddy and sandy layers or 
between muddy and limy layers. 

Almost all folding is accompanied by some fracturing. The shear 
between beds has beerr noted in the di.scussion of folds; and the 
development of fracture cleavage, really a form of close jointing, has 
also been mentioned. During folding, the more massive, or more 
competent, beds arc often fractured while the weaker less competent 
members fail plastically. Along the crests of anticlines longitudinal 
tension cracks, parallelvto the axis of the fold can often be noted. 
Underneath the crest, i.e., below the neutral plane, coilipression 
joints form which are tighter and less conspicuous. On lire limbs 
of folds, the brittle members often display both tension and shear 
joints; often an analysis of the joint patterns enables the structural 
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geologist to infer the associated structure which may be concealed 
by overburden. A regular pattern developed in course of folding is 
shown in Fig. 9-10. 



joints of all types serve as avenues of percolation for ground 
water. Many veins are found where ground water has filled joints 
with mineral matter. Calcite and quartz veins are common types 
of joidt fillings. In soluble rock, joints are enlarged by solution. 
It is probable that most caves and sink holes in limestone are results 
of solution which started along joints. 

Because of the complexity of joint systems in many areas, the 
use of joints in inferring the larger structures and the deformational 
history of the rocks is difficult. Careful measurements of many 
joints, however, may reveal a pattern made up of two, three, or more 
sets of parallel joints. At many places, joint systems can be related 
to one another according to common experience in testing engineer- 
ing materials. Thus two sets of vertical joints are founds one set 
strikes N 50® W, the other strikes N 50® E. A third set of joints, also 
vertical, strikes east. The northeast and northwest sets approximate 
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the planes of maximum shear, and the east striking set corresponds to 
the tension plane of the strain ellipsoid. The mean axis is theicfore 
vertical; the maximum elongation in the north-south direction, and 
greatest shortening is east-west. If the maximum elongation (direc- 
tion of easiest relief) is horizontal, deformation at considerable depth 
is a fair inference. Note that no inference is diawn as to the direction 
of applied stresses responsible for the deformation. 

Faults. Fracture surfaces along which movement has occurred 
are termed faults. Some are clean sharp breaks. Many, however, are 
composed of subparallcl faults among which the total displacements 
have been distributed. The terms shear zone or fault zone ate often 
applied to closely spaced subparallel structures along which there has 
been distributive movement. Some faults, even large ones, are knife- 
like breaks. Other faults, because of the frictional effects of rcKk 
masses sliding over one another, break or crack (btccciate) the rock 
on either side of the rupture. Still other faults pulverize the rock 
in the fault zone to clay-like powder called gouge. Conventionally, 
the surface of rupture along which relative movements have taken 
place are termed fault planes. Most fault surfaces, however, are 
warped or curved and irregular in detail; the term fault surface is 
preferable to fault plane. The movement along or on the fault sur- 
face may be in any direction, and the total displacement on many 
faults is a cumulative result of intermittent dislocations. Indeed, 
spasmodic movements along many faults are continuing to the pres- 
ent, as witness the displacements along the San Andreas Rift within 
the present century. 

Locally, water mains, bridges, dams, and other structures have 
been built across faults on which renewed movements have caused 
damage or destruction. A fault is considered live if displacements 
have CKCurred along it within historic time, whereas a fault on which 
no recent slipping has taken place is considered dead. The probabil- 
ity of recurrent movements on faults encountered in engineering 
practice is of special concern to the engineer. The construction of 
tunnels through fault zones or of dams on faulted foundations has 
often been diflficult and expensive. Much of the "bad ground" in 
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tunnels and much excessive leakage into them are along faults. 
Faults have increased the necessary preparation of dam foundations, 
both by grouting and excavation. They have retarded construction, 
increased the difficulties of carrying it out, and have added to con> 
struction costs both directly and indirectly. 

Fault Types. Faults are classified in a number of different ways, 
and no classification is entirely satisfactory. One of the simplest ways 
of classifying faults is by reference to the relative movements of 
either side of the fault surface, which is either vertical or inclined 
at some angle. If a fault surface is inclined, the upper side is called 
the hanging wall and the lower side is called the foot wall. The 
terms come from old mining usage. Many faults have been mineral- 
ized by waters which circulate along them, and many mining opera- 
tions therefore have followed faults. In such a mine the upper side 
of the fault was hanging overhead, hence hanging wall; the lower 
side was under foot, hence foot wall. V'ertical faults have neither 
hanging nor foot wall. If the hanging wall has moved down relative 
to the foot wall, the fault is called a normal fault. If, on the other 




Fic. 9-11. L€ft: Cross section of reverse fault. Right: C’.ross sertiou of normal tank. 
Below: Normal faults in uncoii-solidaied scfliiuenis. 
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hand, the hanging wall has gone up relative to the foot wall the 
fault is called a reverse fault. The relations ate shown in cross 
section in Fig. 9-11. It will be noted that the term relative move- 
merit has been used. In few faults is it possible to tell which wall 
has actually moved. Faults with vertical fault siiifaces are called 
vertual faults. Where an elongate blcKk is dropped down between 
two noimal faults of subparallel strike, the structure is called a 
graben. Where a central block is upthrust between two normal 
faults, the structure is a horst. Horst and graben structuies arc 
illustiated in Fig. 9-12. 



Description of Fault Movements. For convenience in describing 
the actual displacements or recording measurements, fault displace- 
ments are referred to three mutually perpendicular axes, two hoii 
zontal and one vertical. One horizontal axis lies parallel to the 
strike of the fault; the other consequently is normal to the fault 
strike. The horizontal displacement, measured along the strike of 
the fault is called the strike slip; the horizontal displacement meas- 
ured normal to the strike of the fault is called the heaxft. The verti- 
cal component of the net slip is called the throw. The true displace- 
ment, measured along the fault surface between two points contigu- 
ous before faulting, is called net slip. Although the net slip of many 
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faults is directly down the dip of the fault and of others is parallel 
to the strike of the fault, the net slip may be at some angle 
between the directions— a diagonal slip as shown in Fig. 9-13 which 
illustrates the naming of the components of fault displacements. 

Mechanics of Faults. Faults are shear failures which result from 
tensional, compressional, or rotational stresses acting on a rock mass. 
Although normal faults are sometimes referred to as gravity faults, 
the only examples where the term is strictly applicable are landslides 
and collapse structures both of which are types of normal fault. 
Normal faults are sometimes tailed tension faults, and reverse faults 
called compressional faults. It is well known, however, that tension 
failures may result from compressive stresses; terms implying tension 
or compression as causes must be justified by field evidence before 
they are applied 

Reverse faults commonly dip less than 45°, whereas normal 
faults commonly dip at angles steeper than 45°. The explanation for 
this is shown in Fig. 9-14. For the reverse fault, the causal force 

Why man> normal faults 
ha\c high dips. 


Fig. 9 - 11 . 



Why many reverse faults 
have low dips. 
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is shown as horizontally directed. The sliding component is greater, 
and the normal component which tends to hold the blocks together 
and inhibits movement is less if the fault dips at an angle less than 
45®. For the normal fault, the causal force is shemn as vertically 
directed, hence the angle of dip greater than 45®. Although the 
direction assumed foi the causal stresses in these illusttations may 
be collect for many faults, it should be lemembeied that there are 
other possibilities, and steep angle leveise faults aie not uncommon. 

The undei lying causes of eaith stiesses of great magnitude arc 
pot yet well understood. It is a matter of common obseisation that 
faults aic abundant in voUanu aieas and mountain zones. laults are 
not limited to these two t>pes of legion howevei. tiu'y are found 
also in plains and plateau areas. 

Evidence of Faulting. Many faults aie difficult to detect in the 
field. Many and perhaps most faults delineated on m.ips aie the 
result of inference rather than diiect observation. Roughly these 
observations can be divided into two groups: lithologic, which sug- 
gest or establish faults, and physiogiaphic evidences. 

Lithologic Evidence. A variety of lithologic features are associ- 
ated with faulting. Among the most significant are slic kensides, 
brecciation and gouge, shear zones, displacements, and drag. 

Slickenstdes. A fracture surface on whit h movements have taken 
place may Icxally display paiallel striations oi giooves called slichen- 
sides, A slickensided surface is geneially wtII polished b) the fric- 
tional rubbing of one block by the othei. The direction of move- 
ment is indicated by the trend of the striae, and the diu*ction of 
relative displacements can be detcinuned fiom many slickensided 
and polished fault surfaces by passing the hand over the surface to 
find the lough and smc3()th directions A slitkensided surface from 
which a determination of the duct non of relative displacements 
can be made by this method is shown in Fig. 9-15. Fault striae re- 
semble glacial striae (Fig. 9-16), but aie found in situations where 
glaciers could not have scoured the lock. Inasmuch as the advance 
of glacial ice is a form of low-angle faulting, glacial striae are a type 
of slickensiding. Slic kensides may be made by relatively slight dis- 
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I If 0 I » Slickcnsjdtfl sur 
luc sliovMii^ ino\c 

IIK Ml \ott sKp llU Slllf'lCC, 
c\iL,/ciiifd in 


1 ir M H) Sluktnsided 

SUl( KC 

pludncius they do not ntctssanlv induatt dislocations of e^rtat 
iin^nitiide \nd because they retold the dneLtion of the latest icla- 
tiet moNtnitnts on the fault, they may ot may not coineidt with the 
direction of maximum displaccnunt In ^ential, howtsti sliektn- 
sides aie good tvidtmet ot the diiection of fault iiKneiiKins 

Bucciatiou Along some faults tlu locks are higlih liaetuieclor 
even eiiishcd to angulai fiagriieiits calltd brecaas \n elongated 
/one oMfrcct lation which tiansects bidding suggests faulting The 
dimensions ol fiagments whieh eoiistilute a fault oieecia arc ex- 
tremely \aiiable The induiduil blocks of some fault bieceias are 
measuicd in tens of feet at the othci exticme. peihaps oiiginatmg 
at gicatci depth, are fiagnunis of minute si/c A vt*ry fine, clav like 
pioduct of fault crushing is called gouu^e Ncithci fault bitceia nor 
gouge is picsent alcmg all faults Indeed, nuiiuious majoi faults 
have been investigated that show little oi no associated bitcciaticm 
or gouge. 

Shear zones. Many faults are charac tei ized by closely spaced frac- 
tures among which movements ha\c been distiibuted Fracture 
or shear zones are suggestive evidence of faults At many places. 
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weathering along the fracture zone is more advanced than in the 
adjacent rock. Much of the difficulty in engineering construction in 
fault areas steins fiom the altered or rotten rock encountered. 

Because fractures offer avenues of ready percolation for circulat- 
ing waters, many mineral deposits have been localized along faults. 
The shear zones of some faults are silicified by more or less complete 
replacement along the zone, or by a network of quartz veins which 
fill the fractures. Many ancient faults have been completely sealed 
and healed by mineral fillings and replacements. 

Djag. Minor folding of strata along the walls of a fault, caused 
by the fault displacement, is called drag. Thus, in an area of regu- 
lar structural attitude, one of horizontal beds, for example, abrupt 
changes of attitude suggest drag associated with faulting. In areas of 
complexly folded rock, the evidence of drags loses weight. 

Dislocations. It is possible to obseive actual dislocation of strata, 
veins, or dikes and to match the ends of dislocated parts along 
some faults of small displacements. Stratigraphic anomalies of larger 
scale may be bi ought out in the course of field mapping. The repeti- 
tion or elimination of recognizable beds often establishes the break, 
as shown by Fig. 9-17. An abrupt termination of structures, as 
folds, beds, or dikes along a common line or zone, suggests faults, 
as does the juxtaposition of rcxrk types in anomalous relations, as for 
example metamorphic rocks and sedimentary rocks without transi- 
tion types. Other possibilities and alternative explanations, 'Iiowever, 
should not be overlooked. Any structural tangle in mapping can 
be resolved by drawing faults on the map. Good practice, however, 
is to assume a concealed fault only after all other possibilities have 
been explored and tested. 

Physiographic Evidences. Landscape forms, or physiographic 
features, although seldom conclusive, may be suggestive of faulting 
and therefore helpful either when seen in the field or recognized on 
maps or aerial photographs. Escarpments and other suggestive topo- 
graphic features, therefen-e, are of interest in a coniideration of 
faulting. 

Escarpments are linear forms of abrupt increase of dope. Escarp- 
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Fk. 9 17A. Elimination of 
beds by faulting and erosion. 


Fic 9 17B Repetition of 

beds by faubine and erosion. 

inents that result from faulting are of two general types, fault scarps 
and fault-line scarps. An actual surface of displacement may stand 
up as an escarpment essentially unmodified by erosion. This con- 
stitutes a fault scarp. The inclination of the slope varies more than 
the dip of the fault itself because erosion softens, or flattens, the 
slope. Beginning students are often inclined to interpret any cliff 
as a fault scarp. It should be borne in mind that cliffs are formed 
in many ways entirely unrelated to faulting, for example by marine 
erosiotf,*by glacial action, or by stream cutting. Associated features 
of faulting— dislocated beds, shear zones, slickensiding, and others— 
establish the origin of the scarp. Triangular facets, as illustrated by 
Fig. 9-18, are locally found as a result of dissection of fault scarps. 
Fault scarps are found only where faulting has been geologically 
very recent. Earthquake centers coincident with escarpments are 
suggestive evidence of fault origin. Escarpments in unconsolidated 
deposits, e.g., alluvial fans or lake fills, are also suggestive of recent 
faults. 

Fault-line scarps are those etched out along the break by subse- 
quent erosion. Faults frequently bring together resistant and non- 
resistant rocks. Long<ontinued erosion leaves the harder or more 
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rtsistant beds in uluf thus lounins* a lintar siaip aloni; a fault 
zone If It ctn be fl(l(iniin<d that the n< up laiis the uptlinnsn side 
of the fault, it uttuuly is a fault lint staip and not a lault scaip 
If the toiiclation between toposttaphy and rotk lesistanee is well 
deBned, the eseaipmrnt is piobably a fault line staip 

Partieular care should be taken m the distrimination of fault 
scarps from fault-line scarps by engineeis concerned with structures 
subject to earthquake damage, or strut tures which cross the fault. 
This is because faulting ret ent enough to leave fault scarps may be 
expected to recur Renewed movements may take place on faults 
marked by fault line scarps, but the danger is less than on more 
recent faults The hazard of renewed movement must be especially 
considered for such structures as oil lines, tunnels, oi aqueducts 
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which cross faults. For ease of repair in event of damage, the aque- 
ducts which divert Colorado River water to supply the < ity ot Los 
Angeles have been brought to the surface at a number of places 
where they cross faults that are considered possible loci of renewed 
movement. 

Other Topographic Evidence. Offsets of ridges, parallel deflec- 
tions of valleys, reversals of drainage, and linear depressions may sug- 
gest the presence and approximate location of a fault. Along many 
recent faults, linear depressions or shallow troughs, bounded by fault 
scarps are found; and along some recent faults springs are linearly 
distiibuted. 

It should be re-emphasi7cd that physiographic evidences of fault- 
ing are seldom conclusive. I'he more lecent the faulting, the better 
the physiographic evidence. Taken in (onjiinction with other evi- 
dence, physiographic criteria of faulting are helpful and significant. 

Unconformity. Another type of striutuie, also due to diastro- 
phism, meiiis brief description. Sedimentation is an interrupted 
process; nowhere on earth has there been discovered an uninter- 
rupted secpience of sediments which rnaiks continuous deposition. 
Major bleaks in sediinemation are called uiuonformitie^ Two types 



Fir.. 9-19. Left: DiHCOiiformity. Right- Angular unconformity. 


of unconformity are recognized, the disconformity and the angular 
unconformity. 

A disconformity i$ a time, break in a sequence of beds; beds 
which should be present representing the time interval of their 
deposition are lacking either beiause of nondeposition or because 



GEOLOGY FOR ENGINEERS 


192 

they were eroded before succeeding beds were deposited (Fig. 9- 1 9 A). 
For example, a normal sequence of beds worked out for an area con- 
sists of beds A, B, C, D, and E, each of which represents a consider- 
able time of accumulation. The record of deposition is continuous 
from the bottom of A to the top of £. Subsequent field work shows 
that in an adjacent area beds A, B, D, and E are present, but C 
is missing. Either it was not deposited or was deposited and eroded 
before D was deposited. In either event, the time record as shown 
by the strata is not complete. A common cause of disconformity is 
uplift which raised the area above water. To distinguish discon- 
formity careful stratigraphic studies are necessary. 

Angular unconformity is essentially similar to disconformity but 
easier to recognize. In angular unconformity, as shown by Fig. 9-19B, 
the sequence of beds is also interrupted. During the time interval 
represented by the unconformity, however, not only were certain 
beds not deposited or deposited and eroded, but deformation and 
erosion also took place in the time between the deposition of the 
youngest of the lower series and the oldest of the upper series. 
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CHAPTER X 


EARTHQUAKES 


A TV PE OP EARFII MOVEMENT THAT LOCALl.V GIVES RISE TO 

engincciing problems is the eaithquake. Earthquakes arc vi- 
brations or tremors of the earth. A great many small quakes aic vi- 
brations artifuially induced by heavy street tralfic, by railway trains, 
or by similar disturbances. Explosions also cause artifuial earth- 
quakes. The use of vibrations generated by exprosives in stdjsurface 
exploration for favorable oil structures, for depth to bedrock, and 
for various other purposes is described in Chapter XII. In general, 
man-made eartht|uakcs are felt over very limited aieas. In contrast, 
natural earthquakes which result from a sudden release of energy 
within the earth may be felt over wide areas. Some of the greater 
shocks have been perceptible over areas of more than a million and 
a half square miles. Other natural tjuakes, to be sure, have been 
IcK'alizcd within areas of a few sejuare miles. The toll of^jfc and 
property taken by earthquakes within historic times is enormous. A 
single Japanese quake, in 1923, caused a loss of life placed at 140,000 
and a property damage estimated at three billion dollars. 

Classification 

Although natural quakes have a variety of minor causes, tsvo 
principal genetic classes are recognized: volcanic earthquakes and 
tectonic earthquakes. 

Volcanic Earthquakes. Shocks which result from exf^osions in- 
cident to the eruption of a volcano or from violent subterranean 
movements of lava are termed volcanic earthquakes. These may be 
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\iolfnt and kxally destructive but arc commonly felt over very 
limited areas. An example of this type ol cpiakc is the F'ondo Machia 
eSu ily) quake of 1911 which dcstioyed the buildings within an area 
thiee miles long and a cjuartcr mile wide, but was not felt six miles 
away. 

Tectonic Earthquakes. Tectonic earthquakes are those due to 
sudden dislorations of large blocks of rock. When rocks arc stiessed 



Fi(.. 10 1. Elastic rclK>iind orif^in of 
caithqiiakes. 


beyond their elastic limit sudden relief by breaking, or faulting, 
allows tffe rock masses on either side of the break to rebound elas- 
tically to positions wholly or partially reliesing the strain; Fig. 
10-1 illustrates this origin of earthquakes. Tettonu quakes constitute 
most of those felt over great areas. The San Fiancisco quake of 
1906, the Charleston, South Carolina, quake of 1886, and the New 
Madrid earthquake of southeastern Missouri in 1811, are famous 
American examples of tectonic earthquakes which were felt over 
thousands of square miles. 

GECXiRAPHICAL OCCURRENCE AND FREQUENCY OF EARTHQUAKES 

Since the beginning of the twentieth century, seismologic data 
have been rapidly accumulating and have been brought together 
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into accessible form through the co-operative efforts of seismologists. 
Maps showing the kxations of the earthquake epiccnteis biing out 
strikingly two major belts in which the majority of recent earth- 
quakes have originated. The first of these major eartlujuake belts 
encircles the Pacific basin and coincides approximately with the 
distribution of active and recently active volcanoes and with the 
belt of young and growing mountains. The second major belt of 
earthquake occuiience extends from southern Spain through the 
Mediterranean area, and continues eastward along the Himalaya 
Mountains into eastern Asia, where it branches; the principal branch 
passes southward through the Malay region to the Dutch East Indies, 
merging with the circum-Pacific belt. The frecjucncy of c'arthc|uakes 
varies from year to year. On the average, a major carthejuake hap- 
pens somewhere every six or seven days. Minor quakes aie exc’ced- 
ingly numerous. Japan has experienced as many as 12,000 in a single 
year— most, of course, very mild. California experiences many shocks 
of varying intensity each year, although few Californians have 
mentioned the fact. 

Earthcjuake distributions in the geologic past have been quite 
different from the present distributions just outlined. That this is 
so is shown by the distribution of faults and volc anic rocks in zones 
now comparatively free from seismic disturbance and completely 
inactive volcanically. There is no place on earth, however, entirely 
free from seismic disturbance to-day. 

Associated Phenomena 

It has frecjuently been noted that in alluvial areas temporary 
springs and sand boils occur in asscK:iation with earthcpiakes. It has 
already been pointed out that vibration is the most effective way of 
increasing the density of granular aggregates. The natural vibra- 
tions induced by the passage of earthquake waves cause open-packed 
granular material to compact, and, hence, water may be expelled 
and subsidence of the surface may be perceptible. 

Landslides have been started by earthquakes at many places. 
One of the most disastrous series of landslides in history took place 
in Kansu Province, North China, as a result of the 1920 earthquake 
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there which was strong enough to be felt over 1,500,000 square miles 
and was of destructive intensity over an area of 15,000 square miles. 
Thousands of people who were living in caves dug in silt were 
buried alive.* 

Many waves which have done great damage along some coast- 
lines are generated by submaiine earthquakes. These destructive sea 
waves, called tsunamis^ have been particulaily damaging on the 
coasts of Japan, Chile, and the Hawaiian Islands. Tsunamis in the 
Pacific have bc*en estimated to travel about 450 miles per hour. Their 
effects on man-built stiuctures are so well known as to need no 
particular comment. Not all "tidal waxes/' however, are the result 
of earthquakes. Some are generated by volcanic explosions, and 
some are wind waves of unusual size. 


EARittQUAKE Waves 

Earthquake vibiations aie set up or start from a limited area 
and are propagated outward in all directions. This central area of 
initiatiem beneath the earth's surface is called the focus or focal area. 
The ground surface directly above it, xvhere shaking is most intense, 
is called the epicenter or epicentral area. The foci of the majority 
of earthejuakes are at depths of less than 10 miles Many quakes 
oiiginate at depths between 10 and 30 miles, however, and recent 
work has shown that some cjuakes originate at greater depths; the 
centers of a fexv have been estimated at more than 400 miles beloxv 
the surface. 

The vibrations travel through rock as elastic waves of a variety 
of types. The fastest wave, which travels with about the same speed 
as sound would through the same rcKk, is a longitudinal or com- 
pressional wave; the rock particles vibrate back and forth in the 
direction of wave propagation. This is called the P, primus, or 
preliminary wave. A second type of wave, which travels at a slower 
rate, is a transverse wave; the rcKk particles vibrate at right angles 
to the direction of propagation. This is called the S, secondary, or 

'For a graphic account of this diaster, sec Close, Upton, and McCormick, Elsie, 
“Where the Mountains Walked,’* National Geographic, Vol. 41, 1922, pp. 445-464. 
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shear wave. Daly^ lias graphically likened this wave to the shaking 
of a carpet in which the movement of a particle in the carpet is up 
and down, at right angles to the direction of wave propagation. A 
third type of wave, an induced wave, travels along the upper surface 
of the disturbed rock; this wave is slower and longer than cither the 
P or S waves and of greater amplitude. It is called the L, surface, 
or long wave. The preliminary and secondary waves, longitudinal 
and transverse, tiavel through the earth by the same paths and with 
constant speed ratios. Thus, given the difference in time of anival 
of the P and .S' waves at a given station, it is po.ssible to (ahulatc the 
distance from that station to the carttupiake center. Prai li< ally, 
this distance is read from cmpitical time-travel cinves. If the dis- 
tances are established from three obseivation stations, the renter of 
disturbance can be closely fixed. 

In the transmission of earthquake waves, the orbits described by 
individual ro<k particles are of small magnitude, generally less than 
an inch. It is well known that m<»re damaging effetts arc manifested 
on filled ground, such as alluvial deposits or artificial fills. This 
magnification of effect has frequently been likened to the (juaking 
in a bowl of jelly that can be induced by vibrations of small ampli- 
tude. Eyewitness accounts of .some (juakes have stated that actual 
eanh waves, comparable to sea waves, have been seen and felt mov- 
ing along the earth’s surface. 

Earthquake vibrations are recorded by instruments catWi'd .cc/s- 
mometers, of which numerous models are in current use. Most of the 
modern instruments have a high degree of precision and great sensi- 
tivity. The principle involved in recording earthquake vibrations 
is shown schematically in Fig. 10-2. Precise timing is possible, and 
synchronization of times at different receiving stations has given 
valuable aid to earthquake studies. The vibrations detected by seis- 
mometers are commonly recorded on photographic papet as a series 
of zig-zag lines. These records, called seismograms, show the vibra- 
tory impulses and the time of initiation and duration; they also 
depict the arrival of the different wave types. Earth shocks are 

•Daly. R. A., Architecture of the Earth, 1938, p. 43. 
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Fif. 10 2 Hoiizontal itid \cttic tl sciMnoincters (Repioduced 
b> peinussion fr<iin \ H Ucck I aithtfuah s, Piiiicctoii I niver 
bilN Puss) 

commonly <A shoit dniation They last horn a lew seconds to some- 
what o\ci a iniiiiite The meat San lian(is(<> caithquake ol 1906 
lasted between 10 and 50 seconds 1 lu* diiiaiion ot a shock is vciy 
imnoitaiu because the dcstiucnve effects increase gieatly with in 
c lease in length ol dmation Atici an eaithcjuake has taken place, 
secondary or altei-shocks, coinriionly ot lesser intensity, may lollow 
inteimittently for seveial months 

Earthquake Intensities. Seveial classifications of earthcjuake in- 
tensity have been used. To the engineer, a classification based on the 
maximum acceletation ot the ground is of most interest. Table 10.1 
presents one of the commonly used intensity scales with the accelera- 
tion values inserted. 

The»acc deration due to giavity is 9800 millimeters per second 
each second. It should be lemernbeied, how'ever, that any one earth- 
ejuake may have many different accelerations, and that diffeient 
geolfigical. conditions give lise to different effects. 

Instrumental records of eaithquake vibrations are supplemented 
by information gathered from individuals through various types of 
questionnaires. Many data that are not brought out by instrumental 
methods are thus assembled; and information is gathered also from 
areas where no instruments have been established. These data may 
be approximately fitted into the classification of Table 10.1. 

A specimen questionnaire is shown as Table 10.2.® 

•From Heck, N. H., Earthquakes, Princeton I ni\cisuv Press, Princeton, N J, 
>936. p 53. 
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Tabll 10.1.* Modified Mercalli Scale 

FOR ENGINEERS 

OF Earthquake Iniensities 

Intensity 

Max. Acceleration 
mm/sec /sec 

Remarks 

I. Instrumental 

< 10 

Detected only by instru- 
ments. 

II. Very feeble 

> 10 

Noted only by few people at 

I6St. 

HI. Slight 

> 25 

Felt by jjeople at rest. Like 
passing of truck. 

IV. Moderate 

V 

ot 

o 

Generally perceptible b\ 
people in motion. Loose ob- 
jects distuibed. 

V. Rather strong 

> 100 

Many awakened, dishes 
bioken, bells rung, pendu- 
lum (Jocks stopped. 

VI. Strong 

> 250 

telt by all, some people 
frightened. Damage slight, 
some plaster cracked. 

VII. Very strong 

> 500 

Noticed by people in autos. 
Damage to poor construc- 
tion. Alarm general. 

VIII. Destructive 

> 1000 

Destructisc, chimneys fall. 
Much damage in substantial 
buildings. Heavy furniture 
overturned. 

IX. Ruinous 

> 2500 

Great damage in substantial 
structures. Ground cracked, 
pipes broken. 

X. Disastrous 

> 5000 

Many buildings destroyed. 

XI. Very disastrous 

> 7500 

. 

Few structures left standing. 

XII. Catastrophic 

> 9800 

Total destruction. 


* Modified from Holmct. 
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Tablf 10 . 2 . SpiriMFN Qitstionnaire 
AN EARTHQUAKE WAS FELT, NOT FELT. ON 

a.m. 

Date Time p.m. 

Please return the card even if the shock was not felt, as such information 
is essential. 

Place 

Shook how long 

Please undciline the woids below which best describe the shock at your 
locality. 

Felt by few, several, man), all, by obseiver, by otliers. 

In building, wood, brick strongly, weakly built; 

on 1, 2, floor, lying down, sitting quiet, active. 

Outdoors, by observer, by others; quiet, active 
Direction of motion felt outdoors: N., X.E , E , etc. 

Giound underneath locality: Rock, soil, loose, compact, marshy, filled 
in ; level, sloping, steep. 

Motion rapid, slow, ; beginning gradual, abrupt. 

Rattling of windows, doois, dishes. 

Creaking of walls, frame. 

Hanging objects, dcxrrs, etc., did, did not, swing, N., N.E., etc. 

Pendulum clocks did, did not, stop, clocks faced N., N.E., etc. 

Moved small objects, furnishings, 

Overturned vases, etc., small objects, furniture, 

Spilled water, oil, etc., from indoor, outdoor containers, tanks, etc. , 
in N., N.E., E., direction. 

Crackled plaster, windows, walls, chimneys, ground. 

Fall of knick-knacks, books, pictures, plaster, walls. 

Broke dishes, windows, furniture. 

Twisting, fall, of chimneys, columns, monuments. 

Damage, none, slight, considerable, great, total in wood, masonry, con- 
crete. 

Awakened no one, few. many. all. 

Frightened no one. few, many. all. 

Trees, bushes shaken slightly, moderately, strongly. 

REMARKS: 

Signature 

Address' 

Any additional information will be appreciated* 
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Lnciniering Aspects of Karihquakes 

Apatt from landslides started by quakes and seisinitally generated 
water waves, the failures of man-made structures aie responsible for 
most of the loss of life in earthcpiakes. Investigation of earthquake 
resistant structures and research in quake-sale design (onstitute an 
inviting field for the civil engineer in which much remains to be 
accomplished. 

It has been noted at marry places at many times that buildings 
founded on deep alluvial deposits, “made” land, or orr other un- 
consolidated materials suffer more severe shaking than similar struc- 
tures founded on bediotk. In early Septembei, 1914. an earthquake 
of an intensity of VII disturbed the Saint Lawiente Rivet area 
(Massena-Cornwall) at the site ol the propt)sed Saint Lawit m e water- 
way development works. C. P. Bet key lound it possible to ttu relate 
the destructive effects of the quake “with the geologic foimations ol 
the region, of which there are four types— (1) postglacial untonsoli- 
dated marine silts, which showed the most destructive effects; ( 2 ) 
glacial outwash and stream deposits next in disturbance; (3) glacial 
till and morainal deposits, with little or no damage; and (4) the rock 
floor of nearly flat-lying sedimentary formations, which were not 
sufficiently disturbed to cause damage to any local works.” ■* Fox 
noted that during studies in Japan, ”. . . it was found by experiment 
that in an excavation only 20 feet in depth the wave motion Ibf the 
earth-tremor is very much less than it is at the surface.” ® In seismic 
areas, therefore, the cumulative experience of engineers indicates 
that, where possible, structures should be founded on bedrcKk. 
Where it is impossible to found the structure on ledge, “raft” foun- 
dations may be designed to allow the structure to ride out the 
disturbance. The Imperial Hotel, Tokyo, designed by the American 
architect Frank Lloyd Wright, was built with this type of foun- 


* Bcrkey, C. P.» ''Engineering Implications of the Massena-Cornwall Earthquake/' 
Bull, Geol. Soc. America, Vol. 58. 1947, p. 1167. 

*Fox, C. S., A Comprehensive Treatise on Engineering Geology, 1935, p. 162. 
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dation and successfully withstood the great Japanese earthquake of 
1923 that wrecked practically every other major structure in that 
city The building was 500 by 300 feet at the base and stood seven 
stones high Rathe I than attempting to reach bedrexk by means of 
long piles, the aichitect called lor a ralt type* of foundation, the 
iippci stones were kept as light as possible, and the floois suppoited 
by cantilescr giidcis Lead c onduits and mains were used which were 
laid in trenches beneath the buildint, Riseis fiom the mains 
ueie thiough shafts, and the fi\tuits were as loosely coupled as pos- 
sible 

It has been obscivcd at many places that simple ngicl structures 
have cndiiicci wluu moic claboiatc but pooici built buildings 
has e failed I lick*’ states loi c\amp!c that in the Charleston, South 
C iiolina ' ti jiMkc of ISSt) which i iiis(d so much damage, a \tgio 
hmily h\ing in a log cabin in the su.kntly clistinbed area slept 
fhioiigh the c.uasnophc \Vc 11 constnic ted, diagonally biatcd ftamc 
stnic tiius hast stoocl iij) svt II Bin k buildings have be tn paitu iilarly 
haul hit in many canhc|(iakcs pcihaps because of iiifcnor mortar 
isoik oi because the ssalls sstu insidhc it nily tied togethti Cracking 
in both brick and stone stiuitiircs has been noted after many quakes 
\mong the tallci stiuc tints, chimneys and statks^are particulaiiy 
Milntiable Onion gives the daiigci zone as between two- and four- 
fifths of the way up Lowei chimneys, also, are vulneiable and 
should*bi specially dcsigiitd in seismic aieas In some areas of Italy, 
the height of buddings is icstiictcd bv oidinance to two or three 
stones Ilowevei, in San I tantisco, well designed tall office build- 
ings have withstcKid shock satisfactorily, and m Japan, likewise, tall 
structures, well founded and constructed, have survived Japanese 
experience shows also that rigid construction is better than flexible 
constructign. Fcxitings are interconnected, columns cross braced, 
cross walls and partitions made rigid, and outside walls heavily 
reinforced so that structures may move or deflect as a unit. The 


' Heck N H , op ct( , p 195 
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upper parts are kept as light as possible, and in many localities a 
scismu' factor .2 to J g is incorporated. 

The seismic factor in engineering design is comparable to the 
familiar design factor for wind-load assuming a steady or uniform 
load per square foot. Similarly, design for earthquake resistance 
incorporates a safety or seismic factor, i.c., a capacity to withstand 
horizontal forces in excess of normal requirements. In Japan, a 
seismic factor of ('.I g is often taken: in other words, the structure 
is designed to withstand a horizontal force caused by an acceleration 
one tenth that due to gravity. Buildings with a seismic factor of 0.1 
have survived earthquakes in which the acceleration was possibly 
as high as .5 g. Heck^ explains this as possibly owing to the short 
time of maximum acceleration which did not permit the building 
to respond. 

One of the important considerations in “quake-proofing” is 
resonance. Most engineering structures have a fundamental period 
related to resonance. The same is true lor geologit al materials un- 
derlying the structure. Although various period.s f>f vibration occur 
in any earthquake, the most frequently repeated are those character- 
istic of the material. If the characteristic period of the subsurface 
approximates that of the structure resting on it, the danger of failure 
increases. Where danger from resonance is determined, damping 
measures may be installed. Various methods for inducing vibration, 
both of geological foundations and man-built structures, hate been 
developed in order to determine the fundamental periods. 

In summary, experience has shown that rigid construction with 
a seismic safety factor, founded on bedrock, reduces the hazard of 
earthquake destruction. 
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Geological Field Party in the Big Horn Mountains, W\oming. (Courtesy Standard Oil Co. 


CHAPTER XI 


GKOLOGIC FIELD WORK 


G eologic reports and maps presupposl fiei d work. 

Whether the engineer engages personally in the held work, 
acts as supervisor or direc tor of a field investigation for some spec ihc 
project, or evaluates cjr uses the work of others, it is essential that 
lie know something of the methods by which geologic data are gath- 
ered and geologic surveying conducted. 

(Geologic mapping is a specialized type of surveying. In part 
the results are inc errporated on maps; in pait they are in the form 
(d fiedd notes. Every field area presents its own problems and c'onse- 
quently exactly the same procedures arc not adapted to each. Scjme 
methods are excellent for large areas, other methods more suited to 
small areas. Some maps must be made in rough wooded territory; 
others iriust be made in flat opc*n country. Bedsides the field condi- 
tions, the purpose of the survey is merst important irr choosing the 
method and scale of mapping. Scmre projects recpiire large-scale 
maps accurate in minute detail; other projects recpiire more ground 
coverage on a smaller scale, less exact in geologic detail. Ground- 
water studies, irrigation studies, or regional soil conservation pro- 
grams call for quite different types of geological investigation than 
do proposed dam or building sites. In addition, time is a factor not 
to be ignored in any economic application of geology to practical 
problems. Practical geology is the most economical geology that 
yields the required data. The geologist, then, must be not only 
versatile, but well versed in field methods. 

207 
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Preparation for Field Work 

Preparation for field work includes gathering such information 
as is available for the particular area of interest. For most engineer- 
ing projects, sufficiently ptecise and detailed geologic information or 
maps are lacking. Clues to the type of geological conditions, how- 
ever, can certainly be found, and for some areas considerable infor- 
mation is available. (See Appendix 1 for sources of geologic 
information.) Base maps must be as.semblcd or made. Airplane 
photos or detailed maps or both are generally made in the pre- 
liminary stages of specific engineering projects. A reconnaissance of 
the area in question should precede actual field mapping. The recon- 
naissance assists in the choice of mapping picxedures and instru- 
ments and should give an over-all insight into the geological prob- 
lems to be solved. The preliminary reconnaissance should not be 
limited to the immediate site of the project but should include 
adjacent areas. The surrounding geology reveals impoitant informa- 
tion not apparent in the projec t area itself. Most engineering proj- 
ects, however, require certain, specific, and hxalized information 
for very limited areas; consequently inferences drawn from surround- 
ing areas must always be verified. 

Methods of Gathering Data 

There are a variety of systematic methods for gathering geologic 
data. Various instruments are used, and often several techniques 
are combined. 

In areas of steeply dipping sedimentary and metamorphic rocks, 
horizontal control is more important than vertical control. Con- 
versely, in areas of flat or gently dipping beds, elevations are corre- 
spondingly the more important. If a sufficiently accurate base map 
of suitable scale which has abundant readily spotted points that can 
be used for control is at hand, many locations can be made accurately 
without instrumental measurements. Cultural features ate especially 
useful in establishing locations. Unfortunately, in many areas, loca- 
tions established by reference to map features must be supplemented 
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by those established by horizontal and vertical measurements from 
some known reference point. Particularly is this true if accurate 
detail is required. 

Traverses. Geologic surveys are designed to gather data sufficient 
to prepare both plans and sections of the geology. In order to gather 
these data, field traverses are made according to some systematic 
plan. Three principal systems of traversing are (1) boundary trac- 
ing, (2) cross-structure traversing, and {$) multiple outcrop mapping. 

Boundary Tracing. The margins of rock types are critical in 
mapping. By tracing the boundaries or contacts between rock types, 
a map delimiting the geologic units is compiled. At the margin of 
a formation or rock mass something has happened. An intrusive, 
for example, has forced aside, stoped into, brecciated, replaced, 
assimilated, metamorphosed the host rock. Observations along 
the contact show most clearly what did happen as a result of the 
intrusion. Other types of contacts, also, are instructive and should 
be studied carefully in the held. In constructing geological plan or 
.section, the location and attitude of the contacts must be determined 
or inferred. Actual tracing and mapping of contacts in the held, 
consequently, are general practice. 

Unfortunately, outcrops showing the actual contacts of one rock 
type with another are limited, and many portions of the boundary 
must be interpolated between exposures of two rotk types. The 
extension of observed boundaries may be aided by topographic rela- 
tions. For example, a particular limestone may be weak and occupy 
valley bottoms or lowlands; a particular adjacent sandstone may be a 
resistant ridge-making rock. The boundary between the two may be 
reasonably inferred by the topography. Graphical methods may 
assist tracing boundaries if dip and strike are consistent. (A con- 
sideration of graphical method is found in Chapter XIV.) Variations 
in soil color and lithology frequently indicate the position of a con- 
cealed contact. Because so much of the length of contacts is con- 
cealed, boundary tracing is something of an art as well as a science; 
although inference and deduction assist, the art must be controlled 
by held traverses. 
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Cross Strut ture Traverses. In the areas of strongly folded sedi- 
ments and nictamorphks, the most information in the least time 
ran be gathered by making traverses roughly at right angles to the 
prevailing structural trends. If the traverses are closely spaced, the 
boundaries between formations can be closely drawn. The majority 
of traverses in detoinied regions are planned to cross structure. 

Multiple Oufttop Mapping. If suflitient time is available or 
complete detail sought, all exposures within the map area are 
studied. The results, therefore, are the most complete possible with- 
out subsurface exploration and, if the latter is necessary, the loca- 
tions where the supplementary information is needed and ran be 
obtained become apparent. This method of multiple outcrop map- 
ping is the method of most engineering geology surveys. 

The iNsrRUMENTS 

The undergraduate engineer is especially familiar with the use 
of chain, Wye and Dumpy levels, and transit. His accpiaintance 
with the plane table is frequently scant. Barometer and compass are 
familiar but for the most part unused tools. The emphasis is rightly 
on transit, level, and chain. Much geological surveying, however, 
is done with compass only. For some types of work the barometer is 
very useful, and most of the detail mapping is done with alidade 
and plane table or chain and compass. In underground svork— mines 
and tunnels— a chain and compa.ss arc the usual tools. In this section, 
therefore, the compass, barometer, and alidade are briefly described, 
and their uses indicated. Manuals of higher surveying should be 
consulted for details of theory and use of these instruments. 

Geologist's Compass. A variety of compasses are used by geolo- 
gists, but by far the majority of American geologists use the Drunton 
compass or so-called pcxrket transit. This compass is provided with 
a movable horirontal circle graduated in degrees either by quadrants 
or in azimuth. A screw sets off the proper declination by rotating 
the horizontal circle so that direct readings of true bearings may be 
made. Provided with folding sights, the Brunton can be used on a 
Jacob staff as any surveyor's compass. The lid has a mirror with 
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a medial line etched on it. Wiihiii the hoiizontal circle is mounted 
a hiillVcye level for leveling the compass and also a movable cylin- 
chical spirit level operated from the back of the compass box by a 
lever and referenced to a protractor engraved on the inside bottom 
of the compass box. The compass can thus be used as a hand level 
c)i (linoincter as well as a diiection indicator. Inclinations can be 
read as angles or pciccntage of slope The folding sights permit the 
use of the Bi unton as an open-sight alidade, although it is not con- 
venient for this purpose. 

The principal uses cjf the compass are: to deteirninc traverse 
course directions, tc^ measure dip or inclination of inclined struc- 
tincs, and to determine strikes. 

lirmtugi. In determining courses, the compass is held close to 
the body in IjolI* hands, with foiesigln arm extended, and the mirror 
lid so tilted that the* line of sight and the compass bc^x are simul- 
taneously seen. Bc«nings ^iic lead fiom north and south. Thus an 
object bearing N 20° F lies along a line 20° east of north from the 
station. The bearings for traverse courses arc the forward bearings, 
although it is frecjuently desirable to record also the reverse bearing. 
Precise reading of the compass needle of the Riuntcm is not possible, 
although with care the crrois arc slight. Caistomarily the swing of 
the needle is damped to a swing of ten or twelve degicr*s, by pressing 
the damping device, and the midpoint of sevcial swings taken as the 
course licaiing. The end of the compass box labeled Ncrarn is 
pointed in the direction of sight. If the north end of the needle is 
less than 90° from the north point on the graduated circle, the for- 
ward bearings are north bearings. If the north end of the needle is 
more than 90° from the north point of the graduated circle, readings 
are south bearings. It is always the north end of the needle that is 
read. To facilitate reading, bearings east and west are marked in 
what appears to be reversed positions w»diin the compass box. This 
is because in sighting, the compass box is turned about the needle, 
which always points north. Thus by reading the degrees at the point 
of the needle, the angle between the compass needle and the axis of 
the compass is measured. It is the latter, the ax.s of the compass. 
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that lies in the line of sight. Hence, if the compass axis (direction 
line) is to the right of the needle, the direction is an easterly bearing 
line. The needle point is read against the graduated circle, how- 
ever, and the needle point is to the left of the north point of the 
circle— hence the reversal of letters in the compass box. This point is 
illustrated in Fig. 11-1. 



Strike and Dip. Strike has been defined as the direction of the 
line of intersection of a horizontal plane with the considered plane, 
or the direction of a level line drawn on the considered inclined 
plane. This direction is conveniently measured by leveling a com- 
pass against the surface whose strike is sought. The bull’s-eye level 
is used for this operation. The bearing is then noted and recorded. 
Because most rock surfaces are irregular in detail, the compass is 
advisedly leveled against a hard-covered notebook placed flat against 
the outcrop surface to be measured. Another method it to level the 
compass and sight along the surface being measured. 
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Dip, defined as the maximum slope of a surface, is measured by 
laying the side edge of the (oinpass box on the flat notebook surface 
against the rock— the fare of the compms Itei tn the vertical plane at 
right angles to the strike. The bubble of the cylindrical spirit level 
is then brought to centered position by manipulating the lever arm 
on the back of the compass box. The angle of inclination is then 
read against the protractor. Another method is to sight along the 
compass edge and manipulate the spirit level as before. 

It is often necessary, because of irregularities of a surface, to take 
the aveiage of several readings if the compass is held directly against 
the rock, even with the notebook interposed. The sighting methods 
are therefore frequently superior, since minor bends or warps of the 
rock surface can be discounted in the sighting. An accuracy of 2®, 
plus or minus, acceptable for dip and strike values. 

Other Uses. The Brunton is also used as a hand level. The com- 
pass is tipped on edge, with sight arm extended and the peepsight 
on end of sight arm at right angles to the sight arm. The compass 
is then sighted by looking through the peepsight and through the 
hole in the mirror lid. The mirror lid is closed to a position such 
that the reflection of the cylindrical spirit level and its protractor is 
conveniently viewed. The spirit level is then manipulated into hori- 
zontal position and the slope angle read, just as with the Abney level. 
If the level arm is set at 0° against the protractor, the Brunton can 
then bertised as a Locke hand level. 

The Brunton is a simple, compact, and sturdy instrument, useful 
in a variety of ways, and is superior to any other compass for most 
geological purposes. Even competent suiveyors, however, need some 
practice in its use. 

Barometer. The aneroid barometer is a portable instrument 
designed to weigh or measure air pressure. It is a delicate device, 
easily thrown out of adjustment, and its use entails labor-adding 
corrections. However, it is the only easily portable, one-man tool 
for elevation determinations; improvements have made it quite re- 
liable; and readings are quickly and easily made. For details of 
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barometric surveying, reference should be made to texts of higher 
surveying.* 

The barometer is best adapted to a tcnain of moderate to high 
relief. The accuracy of a barometer is less near the limits of its regis- 
ttation; hence if elevations are 4000 feet or less, a baiometer register- 
ing up to 5000 feet is satisfactory and better suited to the terrain 
than one registering up to 10,000 or more feet. 

If temperatme and air pressure were constant, differences in 
elevation could be read directly from changes in pressure as the in- 
strument was moved up or down. Temperatuie changes do affect 
the results, however, and a temperature coirection is sometimes 
necessary if the change amounts to more than a few degrees bettveen 
stations. Atmospheric pressures fluctuate more oi lc"-s regularly every 
day and are subject aLso to inegular and sometimes lapid changes. 
It is necessary therefore either to c heck the readings at control points 
frequently during the day’s work oi to have rccoi dings made at 
regular intervals on a second barometer left at base ramp so that a 
correction curve can be constructed. A barograph (self-recording 
barometer) is most convenient. With the control readings of atmos- 
pheric pressure changes recorded at a constant elevation, the read- 
ings for near-by stations can be corrected. However, one barometer 
only is frequently used. One method of checking atmospheric pres- 
sure changes is to take two readings at each station, one on anival, 
and another on departure. Thus if the stations arc faiily 'lose to- 
gether, fluctuations of air pressure can be plotted at least roughly. 

In conjunction with a compass, the barometer greatly aids in 
establishing the location of an outcrop in hill or mountain country. 
If a compass bearing can be taken on some identifiable map feature 
and the contour established by barometer, the location is quick and 
accurate. The more nearly at right angles to the trend of the con- 
tour the compass bearing is, the more accurate the fix. Two or more 
compass bearings can be used without the barometer for the same 
purpose, but in wooded terrain it is frequently difficult to pick out 

* A practical and accurate discussion of the barometer may be obtained from the 
American Paulin System, 1220 Maple Avenue, Los Angeles, California. 
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two properly placed landmarks. In rough country, the course bear- 
ings of a compass traverse are accurate, but distance determinations 
by pacing are difficult or impossible. Barometric elevation determi- 
nations help in the locations. The barometer thus assists in hori- 
zontal as well as vertical determinations. For rapid surveys, where 
elevations accurate within 10 feet or less are acceptable, barometric 
leveling is convenient and rapid. 

Alidades. Alidades, used with the plane table, are of two types: 
sight and telescopic. The former is simply a ruler fitted with folding 
sights. The ruler is usually a flat metal stiip with a giadiiated, 
beveled edge. The folding sights should be long enough to peimit 
slope sights. With a 10-inch base the sights, theref ire, should be 
3 to 4 inches high. The sight alidade can be used without a field 
assistant and capable of prcKliu ing results of a high degree of 
aicuracy. F.levation diffeieiucs, if recjuiied. tan be established with 
hand level or barometer. When mapping on a picviously prepared 
base, with oriented table, lotations tan be ni.ide tpiickly and atiu- 
rately by resection. The principal advantage of the instiuinent is 
that it tan be used without a field assistant: its thief disadvantages 
arc the lack of vertical control, and the necessity of t arrying a tiaveise 
table. 

The telescopic alidades in use by geologists are piincipally of the 
exploration or lightweight types. Horizontal and verti* tl difleiences 
betweemstations are by stadia, hence the minimum party consists of 
a geologist-rodman and an instrument man. The geologist takes the 
rod, for he must determine where the locations arc to be made and 
examine the outcrops mapped. The instrument is best adapted to 
detailed surveys in relatively open country. The tcchnit|ues of topo- 
graphical mapping by use of the plane table and telescopic alidade, 
supplementing photographic surveys, have been brought to a high 
level of speed and efficiency by American topographical engineers. 

Most civil engineers, probably because of greater familarity with 
the transit, will choose that instrument when confronted with a 
nrapping job. If transit and stadia rod are used in preference to the 
alidade, there is little opportunity for sketching in the field, and it 



216 


GEOLOGY FOR ENGINEERS 


is necessary to locate many more points with the pious hope that 
office interpolation will be sufficiently correct. Good field notes for 
topographical surveying with the transit require a higher degree of 
skill and judgment than almost any other kind of surveying. No 
reasonable amount of written notes or notebook sketches can be 
worked up in the office to produce as accurate a topographic majj 
as it is possible to make in the field with the plane table. In the 
winter and spring of 1942, several parties were engaged in waking 
topographic maps of six federal housing projects in the same area. 
One group using the plane table and alidade performed its work at 
a unit cost of $4.50 per acre, whkh included nece-ssary horizontal 
and vertical control and delivery of a pencil copy of the map sheet. 
The unit costs of the transit survey groups ranged, under the same 
conditions, from |15 to $30 per acre. 

Transit. In detailed surveys, especially in heavily wooded coun- 
try, it is frequently advantageous to establish a network of control 
points with the transit. Subsequent geological observations can be 
tied to these points by pacing, chaining, or by plane table. The 
transit is used to advantage also in underground work, as in tunnels 
or mines. 


Field Procedures 

Geological data are assembled in map form by the use of the 
instruments mentioned, supplemented as occasion demands. The 
choice of methods and instruments is dependent on terrain, ob- 
jectives, time and manpower available, and upon the type of base 
map obtainable. Much geological mapping is done on the topo- 
graphic maps of the U. S. Geological Survey. These may be blown 
up to larger scale but seldom are satisfactory when enlargement is 
more than three times original scale. Aerial photographs are cur- 
rently much used, and for many purposes are highly satisfactory. 
Information on available photographs for United States areas can be 
obtained from the Map Information Service, U. S. Geological Sur- 
vey, Washington 25, D.C. The survey procedures most commonly 
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used are: pace and compass, chain and compass, barometer, and 
plane table and alidade traverses. 

Pace and Compass Traverses. In the pace and compass method, 
horizontal distances from known points are determined by pacing 
along compass courses. With practice and in country not too broken 
or too thickly overgrown, surprisingly accurate traverses can be run. 
The pace length should be determined by periodically pacing meas- 
ured distances under field conditions. Many "standardize” their 
pace in up and down country and make no pace corrections for 
slope. Because most traverses are dosed, as much “down” as “up” 
is covered; hence plotting the average pace uncorrected for slope is 
satisfactory. An ordinary walking step should be used. Every other 
step or every fourth step is counted, sometimes mentally, sometimes 
with a mechaiiVal counter. If counting mentally, each hundred can 
be marked by pic king up a pebble, blade of grass, or leaf. 

A compass traverse should be closed, i e , it should begin and 
end at known points. The traverse may finish at its starting point or 
at some other known point. A convenient form used for recording a 
pace and compass traverse is shown in the following field notes: 


Traverse started at 


Direction 

Distance 

# 

Oterp, Fine text. bio. gn. gr. i uf by crs. bio. 

S10“W 

• 

160' 

1 

peg. Foliation of gn. gr. N60‘'£. vertical. 

S60W 

70' 


Birch tree 

S70W 

52' 

2 

Oterp. small plunging anticline. ^ 2 ®* Green- 
ish quartzite(?) (spec. 28-2) ®®* cut by red- 




weathering gn. gr. ^ 


Traverse Ended at 


The outcrop notes can be described by number on the being page 
of the noteb(x>k. In running compass traverses, short sights are pref- 
erable to long shots. If the traverse fails to close, either bearings 
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or distances or both are in error. It is customary to distribute the 
error, assuming it to have been cumulative, according to the follow- 
ing scheme illustrated in Fig. 1 1-2. A “closure’' (AAj) line is drawn, 
and divided into as many equal parts as there are stations on the 
traverse minus one. Lines parallel to the “closure” line are drawn 



Fig. 11-2. One method of error distribution in adjusting a traverse. 

through each station, excepting the initial one (A). The last station 
on the traverse must be corrected the whole amount of th^ failure 
to close. The next to the last must be corrected by its proportional 
part, and similarly each other station. In the diagram the total num- 
ber of stations is six. The “closure” line (AAj) is therefore divided 
into five parts; station 5 must be corrected along the correction line 
four-fifths of the failure to close, i.e., four-fifths of AAp The other 
statiohs are corrected in the same way. There are more accurate 
methods, but their use is not often warranted. 

The pace and compass traverse is especially useful where control 
points are numerous, but the visibility between them is poor. Al- 
though it is an approximate methtxi, the accuracy is surprisingly 
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good. The engineer is prone to scorn the human legs as surveying 
instruments. However, many pace traverses have an accuracy of 
1:100 to 1:50. 

Chain and Compass Traverses. The chain and compass method 
simply substitutes chaining for pacing in establishing distances. The 
method is most conveniently used with an assistant to aid in han- 
dling the tape. The geologist frequently works alone, however, 
fastening one end of the tape by means of a spike driven into a rock 
crevice, or anchoring it. Chain and compass mapping is perhaps 
most frequently used in surveying mines, mine prospects, or detail- 
ing large exposures of particular interest. In conjunction with pace 
traversing, chain control may be used effectively. Errors in meas- 
urements by steel tape should be on the order 1:2000 or less. Com- 
pass bearings therefore, are the major cause of error in this method. 
Conversion of slope measurements to horizontal distances should be 
made if the slope angle is more than six or eight degrees; but refine- 
ments of chain correction, required in precise surveying, are not 
warranted in geological mapping. 

Barometer-Compass Traverses. In regions of moderate to high 
relief, the barometer can be effectively used in conjunction with the 
compass in traversing. The use of altitudes in helping to fix posi- 
tions when a contoured base map is available has already been men- 
tioned. Barometer traverses may be plotted in the field notebook 
together with geologic data as the traverse progresses. The result 
of this method of graphic note-taking is a geologic profile.® As in 
all geologic profiles, the vertical and horizontal scales should be the 
same. Because barometric readings must be conected, many prefer 
to tabulate the traverse data as it accumulates, thus: 


Left Hand Page Right Hand Pace 


Station 

Bearing of 
Last Station 

Distance 

Time 

BaromUer 

Geologic Notes and station 






descriptions go on this page. 


‘Lahee, F. H., "The Barometric Method of Geologic Sur\c)ing for Petroleum 
Mapping," Econ. Geo/., Vol. 15. 1920, pp 150 169. 
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Notes corresponding to station numbers are on the facing and fol- 
lowing pages of the notebook. 

Careful work with a good barometer should give errors of less 
than one foot vertical in a thousand feet horizontal. 

PUme Table Traverses. Plane table traverses can be run with 
a sight alidade and a lightweight traverse table without assistance. 
A base line is laid out with a steel tape at the start and plotted on 
the sheet according to a chosen scale. From a set-up at one end of 
the base line, sights are taken to prominent landmarks, outcrops, 
and other features desirable to locate, and rays drawn on the map. 
These are numbered on the map sheet, and perhaps with chalk on 
the object sighted, as for example on the outcrop. The table is then 
moved to the other end of the base line and oriented by backsight. 
Rays sighted to the same objects as previously fix a number of loca- 
tions by intersection. Further triangulation expands the map. The 
table is easily located on new set-ups by resection. The familiar 
three-point problem is usually to be solved in these determinations. 

The traverse table-sight alidade method is frequently combined 
with pace measurements; in this usage, the table is oriented by com- 
pass, rays drawn to points wanted on the map, and the distances 
paced. In some work the steel tape is used. If desired, contours can 
be put in by hand-level, or barometer. When elevations are to be 
mapped, however, the telescopic alidade should be chosen. 

The advantages of sight alidade-plane table traversing- are the 
lightweight equipment, relative speed, good accuracy, and non- 
necessity of an assistant. The method is intermediate between pace 
and compass and chain and compass methods. The disadvantages 
are lack of vertical control and the necessity of carrying a traverse 
table. The latter is at least partially offset by the convenience of 
plotting the traverse as work prcKeeds. The author has seen a light 
traverse table carried in the field solely for plotting pace and com- 
pass traverses. 

The telescopic alidade and plane table are most frequently used 
in mapping details over ah area of moderate size. For small areas 
the chain and compass method is used; for large areas, pace and 
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compass. In particular, the telescopic alidade is used when vertical 
determinations are of importance, as in areas of low-dipping rocks, 
where dip and strike cannot be determined by compass but must be 
determined from the elevations at top or bottom of some key bed. 
Hence, much use is made of this equipment in the exploratory 
mapping for oil structures. If the topography has not been satisfac- 
torily mapped previous to the geological survey, it may be necessary 
to map both geology and topography to solve geologic structure. 
For combined topographic and geologic mapping the telescopic 
alidade and plane table are the best instruments to use. Ordinarily, 
however, it is not convenient to carry on the two surveys simultane- 
ously. If it is necessary to map both topography and geology during 
the same survey, an extra rodman for topography permits the 
geologist-rodman to concentrate on the geology. 

Stadia locations by radiation are abundantly made. Quarries, for 
example, can frequently be mapped from one or two favorable set- 
ups. Locations can also be made by resection and intersection as 
well as by stadia measurement. If cutting in by resection, the three- 
point problem usually has to be solved. One of the quickest and 
easiest ways (for most cases) to solve it is to orient by compass and 
establish a triangle of error. The drawing board can then be rotated 
slightly, and a second triangle of error established by sighting on 
the same three points. The intersection of the lines connecting the 
corresponding angles of the two triangles gives the desired point, 
which can be used to reorient the board exactly. For the reduction 
of angle shots, many find the Beaman arc advantageous, although 
most undergraduate civil engineers are not familiar with its use. 

Stadia measurements should be accurate to 1 foot in 400 for hori- 
zontal distances, and an error of more than 3 feet should not ac- 
cumulate for vertical determinations even in long traverses. 

Fifld Recobos 

Maps and notebooks constitute the field records. The two arc 
supplementary and both are made in the field. Memory is unreliable 
and is no substitute for field records. Field notes should be kept 
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neat and legible, and all abbreviations should be self-explanatory. 
It goes without saying that field notes should be intelligible to others 
as well as to the maker. Because notes must be keyed to maps by 
some system of reference, the method employed should be explained 
in the front of each notebook, even though the same system is em- 
ployed for all field work. 

Notebooks. The styles of notebooks vary, but stiff covers are pref- 
erable to floppy ones, and cross-section paper is more convenient 
than blank or lined paper. If the pages are detachable, they may 
be filed, but if they are not detachable an index should be made for 
each notebook. 

Various systems of map reference are used. If the region is 
divided into sections, the township, range, and section division serve 
as notebook locations. If the country is not sectioned, and the 
standard topographic quadrangle is used as a base, each of the nine 
rectangles can be numbered. By ruling each rectangle into half-inch 
squares, a coordinate system of letters and numbers gives convenient 
means of location, thus: Bucksport II, A 1 NW; II means the north 
central rectangle of the Bucksport Quadrangle, A 1 means the north- 
westernmost half-inch square of that rectangle, and NW means the 
northwestern quarter of that square. A celluloid coordinate sheet, 
cut to rectangle sizes, saves ruling each map. Every note should be 
headed with a precise location. 

Field notes cannot be too full. Six months or six ye^rs after 
they have been taken, the details may be lost to memory, and it is 
generally economically impossible to return to the area or to a 
specific exposure for review. Numerous notebook sketches are of 
invaluable assistance as are also photographs. 

Geological observations to be made are: 

Lithology 

Roi'k type and mode of occurrence, as veins, dikes, beds, 
lenses, etc., and sequence and thickness where observ- 
able. 

Grain size, color, mincralogical make-up. 



GEOLOGIC FIELD WORK 


22S 


Structure 

Primaiy structures, as ripple mark, cross-bctlding, strati- 
fication, lamination, flow structure, etc. 

Secondary structures and their attitudes, as dip and strike 
of beds, axial planes, axes, lineations, cleavages, frac- 
tures, etc. 

Melamorphistn 

Kind and degree of alteration and the alteration products. 

Topography 

Forms and kinds, agents responsible for, and relations to 
bed rock. 

Miscellaneous observations 

Individual for any particular exposure. 

Remarks 

Sui h as interpretations, tentative correlations, ideas, ques- 
tions, possibilities, etc. 

The schedule suggested is not by any means complete and for each 
particular job should be modified to include pertinent observations: 
it is intended to be suggestive only. Observation is the keynote of 
success in field mapping. Good mapping depends on good observa- 
tion, accurate location of the points where observations were made, 
an accurate record of observations, and correct interpretations of 
the observations. The facts of observation should he clearly sepa- 
rated in the field records from inference and hypothesis. 

In brief: locations for each notation must be entered, and the 
notes themselves must be clear, legible, and complete; in addition, 
the more and better the notebook sketches and diagrams, the clearer 
the notes. 

Maps. Locations on the base map used or constructed should be 
precise up to the limits of scale. An error of 50 feet on a scale of 
1:62,500 might be the width of an ordinary pencil line, but on a 
scale of 1:600 it would be an inch. Elevations should be within half 
the contour interval of the map. 

On the map are entered symbols for dip and strike of beds, 
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cleavage, joints and faults, and arrows for linear features such as 
fold axes. The conventional symbols are shown on page 293. Sym- 
bols or colors— usually colors on field maps— arc used for the different 
rock units mapped. In addition to structural data and lithology, 
notations are frequently entered on the map or its margins. In large- 
scale mapping, the shapes of the outcrops arc usually drawn. It is 
seldom worth while to take great pains in accurately outlining the 
exposure, however, because the outlines and area exposed depend 
merely on the accidents of sod and soil cover. 

Samples. Samples are taken in the field for laboratory study and 
as representatives of the formations mapped. The note record should 
indicate where the samples were taken and what they represent, and 
it should give the sample number. Rock samples for geological study 
are commonly about 3" x 4" x 1". and can be collected in paper 
bags on which the number can be written in several plates, or in 
cloth bags with data inclosed. .Samples for engineering tests must 
be larger, and the sampling technique must be suited to the purpose 
of the sampling. 
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CHAPTER XII 


GEOPHYSICAL EXPLORATION 
IN ENGINEERING 


I N REGIONS OF MANY OUTCROPS, WHERE niE STRATIGRAPHIC 

sequence and structure tan be determined jtisfactorily from 
surface exposures, there is iittle need of subsurface exploration. In 
other rcjjJoi however, especially those of few outcrops and slight 
relief, supplementary infoimation is essential. The engineer re- 
quires specific and detailed information on local conditions. Al- 
though a regional history and a satisfactory concept of regional 
structure may be obtained from surface observations, the necessity 
for thorough exploration of the materials in which or on which 
engineering construction is to be undei taken is so apparent as to 
need little comment. Intelligent design and sate, economical con- 
struction require thorough appreciation of subcnrfate conditions. 
The otyectives of subsurface exploration are, conM-quently, quanti- 
tative data on the kinds, propeities, amounts, distributions, and 
structure of the material under and adjacent to a proposed structure. 
Two groups of methods are available whereby these data may be 
gathered. The first of these groups involves direct penetration of 
the materials. This is possible by means of various types of drills. 
The second group of methods involves making and interpreting 
certain physical measurements from the surface without direct pene- 
tration. The two approaches are not mutually exclusive, and in 
practice generally are combined with excellent results. This chapter 
is concerned with the indirect, geophysical, methods of subsurface 
exploration. This discussion is not a technical treatise on the tech- 
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niques of subsurface exploration; the aim is to direct attention to 
geophysical methods and their applications to engineering problems. 

Geophysical Methods 

Geophysical exploration consists of measuring, from the surface, 
certain physical properties of the underlying material, and of inter- 
preting the measurements in terms of geological structure and 
lithology. It is emphasized at the start that the data of geophysical 
measurements are valuable to the engineer only when correctly 
interpreted in geological terms. The properties investigated by the 
physical measurements are density, elasticity, electrical conductivity, 
and magnetism. Divination, as practiced by “water witches” 
(dousers) and some mineral prospectors, makes no measurements, 
furnishes no quantitative data, and is nut a geophysical method. 
Its practice and use are left to those of mystic mind, credulous ig- 
norance, and with faith in the occult. 

The four principal methods of geophysical exploration are: 
gravitational, magnetic, seismic, and electrical. Of these, seismic and 
electrical methods have the widest range of application in civil 
engineering practice. 

GravitatUmal Methods. Differences in densities of adjacent rock 
masses give rise to measurable differences of gravitation. In its outer 
part at least, the earth is not homogeneous. Hence gravitational 
measurements often make possible the establishment of boundaries 
between masses of different density. 

Because the earth is a rotating body, slightly flattened at the poles, 
gravity values vary with latitude. These values also vary according 
to terrain and elevation. Corrections must therefore be applied to 
reduce the observed values to a common basis. In reducing observed 
values to sea level, the influence of rock masses between sea level 
and the elevation of the sution is taken into account. Anomalies 
of gravity, i.e., the differences between the theoretical and the cor- 
reaed, observed values, are represented in plan by contours of equal 
gravity anomaly values, called isogams, and in section by anomaly 
profiles. 
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The Instruments. Two types of instrument, pendulums and 
^avimeters, are used in making direct measurements of gravity 
values. In pendulum instruments, the period of oscillation is af- 
fected by gravity changes. The pendulum method is slow and not 
adapted to ordinary engineering surveys Giavimeters are instru- 
ments designed to compaic gravity with the elastic force of springs 
or wire suspensions Ihe displacements aie magnified electrically 
or optically. A third type ol instiumeut, the torsion balance, is used 
to dcteimine iclalive values \ toision balance consists of a beam 
suspended from a vertical wire Beams ol various designs with ends 



fi( 12 1 f>l lorsion balinct he inis 

/R( |)ro(l(Kc<l by {Kriiiission of rrciHKc Hill 
Iiif fiom (piof)fnsual t xploialwn by i \ 

F-IliIiikI CopMif^ht 1010 b> PrtiUiu Hill 1 

iiu ) D 



weighted aie used To me lease seiiMtuiry, the weight on one end 
may be suspended oi the beam tilted I hiee types of beam in use 
are illustrated in Fig 12 1 In areas where gravity vanes from place 
to place, the beam is deflected fiom the torsionless position of the 
suspension wire to a position determined by the unbalanced hori- 
zontal components acting on it and on the masses at either end. 

The results of gravitational surveys may be plotted to show the 
horizontal gradients of gravity value or the deviation of the equi- 
potential surface from spherical. The Fotvos unit, which is 1 x 10""* 
dyne per horizontal centimeter, is used to express the gradient 
values. The horizontal gradients determined are the result of sub- 
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surfyce differences in density. Thus where differences in densities of 
adjacent rock masses at the same level are greatest, the steepest 
gradients appear on the plat. The gradients are shown on maps 
by arrows proportional in length to the Eotvds units. A map pre- 
senting the results of a torsion-balance survey is shown in Fig. 12-2. 



tio. J12-2. Kcsiihs of a torsion balance sur- 
vey over a buried lidge of metainorphic 
rocks. (After D. C, Barton, coiiricsy ot the 
A.I.M.E.) 

The values determined by the torsion balance are relative only; 
however, if the absolute value for one station has been determined, 
the data may be adjusted, and a contour, or isogamic, map con- 
structed. The presence of faults may be indicated by sudden changes 
in gradient. One example is shown by Fig. 12-3, in which the gradi- 
ent profile and geological section show the clearly defined relation- 
ship. The configuration of crystalline rock surfaces buried by sedi- 
ments has been successfully mapped by this method. 

Engineering Application. The principal use of the gravitational 
methods has been by petroleum engineers engaged in subsurface 
exploration. The outlining of anticlinal structures, buried ridges. 
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and intrusiom, and the determination of faults and major subsurface 
structural trends constitute the major applications in the field. To 
a lesser extent, mining geologists have utilized gravitational methods 
in outlining ore-bearing bodies and structures. The investigation of 



S 

I 

I 

Fig 12 3 Determinatton of fault by torsion balance 
survey (Rcpioduced by permission of Prciiticc Hall, Inc 
from Strut tural b\ Mnrlaml Billings Copyright, 

1942, by Prcniice Hall, Int) 

buried channels has also been canied out. Gravitational surveys, 
however, at present are of limited use in the practice of civil 
engineering. 

Mac-nehc Methods 

Rocks not only vary in density but also in magnetism. Hence, 
just as gravitational anomalies may be discovered and represented 
on maps, magnetic anomalies may be determined and used as a basis 
for interpretation for subsurface conditions. 

The earth itself is a giant magnet, with poles far below the 
surface. The projections of its magnetic poles are near but not co- 
incident with the poles of the axis of -nation. The magnetic force 
lines of the eaith are shown diagrammatically in cross-section in 
Fig. 12-4. A magnetic needle freely suspended will take a definite 
position in space, depending on the lines of magnetic force of the 
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earth’s field at that place and time. A needle perfectly balanced on 
a vertical axis before it is magnetized will not remain in horizontal 
position after magnetism except at points on the magnetic equator. 
North of this equator the needle inclines to the north; the inclina- 
tion steepens with increasing distances from the magnetic equator. 
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and the needle will be perpendicular to the earth's surface directly 
over the magnetic pole. In the southern magnetic hemisphere the 
dip of the needle is reversed. A counterweight, commonly a silver 
or brass wire, is adjusted to balance the needle in a horizontal 
position. The direction assumed by the balanced needle defines the 
magnetic meridian, and the angle which the magnetic meridian 
makes with the true meridian at that place is the declination. The 
declination at any gi\eii place, however, is not constant. Long time 



Fir. 12 5 V’ecti/r (li.if’ram of the 
canlis m.i^iici c field for the 
Noiihcin fleniisphiic 

X—norlh component 
\ —cast component 
/ -seriical romponeni 
H— horizontal intensity 
F— total inteiisits 
D— declination 
I— inclination 

(Reproduced b\ permission of 
Prentice Hall, Inc from Ceophysi 
cal Exploration by C A. Heiland 
Copyright. 1940, ov Prentice- Hall. 
Inc ) 


(secular) changes and annual, daily, and irregular variations are 
recognized. Annual changes in declination are small, on the order 
of one minute. Daily fluctuations are on the order of 3 to 12 
minutes; and irregular changes, magnetic storms, often give varia- 
tions which in the United States, may amount to 10 or 20 minutes. 
Because of the variations m declination it is necessary to establish 
control in magnetic work just as in b‘*rometric surveying. 

**The magnetic field of the earth and of geological bodies is 
uniquely defined by the magnitude and direction of the total in- 
tensity vector. In practice it is preferable to resolve the field into 
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its components which, in the direction of the vector, are the horizon 
tal and vertical intensities.” * The vector diagram for the northern 
hemisphere is shown in Fig. 12-5. In the diagram, T is the intensity, 
H and Z the horizontal and vertical components, D the declination, 
and I the inclination or magnetic dip. X and Y are the north and 
east components, respectively. 

In magnetic measurements, the unit is the gauss, which by defini- 
tion is numerically equal to 1 dyne. In expressing magnetic 
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Fic. 12-6. Change in vertical intensity of earth’s magnetic field caused by 
contact between two kinds of rock (After L. B. Schlicter, courtesy of the 
A.I.M.E.) 


anomalies, the gamma (1 y = 1 x 10“® gauss) is commonly used. For 
each station the theoretical intensities are compared with the ob- 
served intensities. The difference between the theoretical and 
observed intensities is the magnetic anomaly. The anomalies are 
plotted on maps, and contours (isonomaly lines) show magnetic 
conditions. Magnetic profiles are also used to portray magnetic 
values. 

Because rocks are not homogeneous in magnetic properties but 
vary from place to place (Figs. 12-6 and 12-7) , magnetic observations 
are significant. Every experienced surveyor is familiar with local 
anomalies which invalidate compass readings. Aside from the 

^Heiland, C. A., Geophysical Exploration, Prenticc-Hall, New York, 1940, p. 295. 
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familiar compass deflections caused by fences, cars, powerlines, etc., 
variations are due to the magnetic properties of the subsurface rocks. 
The most common magnetic minerals are magnetite and pyrrhotite. 
Both minerals are widely distributed. A few other minerals have 
similar, though weaker magnetic properties. Generally speaking, 
magnetic minerals are more abundant in the igneous rocks than in 
sediments. Magnetite and pyrrhotite 


are more abundant in basic rocks 
than in acid rocks. Magnetic min- 
erals are frequently concentrated in 
the contact zones of igneous intru- 
sions or in fault zones. In a sequence 
of sedimentary beds some generally 
have a greater degree of magnetism 
than others. Besides a content of 
magnetic minerals, there are other 
causes of magnetic variations. The 
bare ledges of mountains frequently 
have been affected by lightning to a 



marked degree. It is well established Fic 12 7 . Magnetic anomaly 
^ caused by magnetite ore body at 

that mechanical stresses, such as those Kimna, Sweden (From Geophysi- 
... , , cal ExplowMon, b> C A Heiland. 

involved in mountain making, are after Cariheim Oyiienskoid) 


also factors of magnetism. 


Insthnnents. Three varieties of instruments arc \n common use. 


These are the dip needle, the Hotchkiss Superdip, and the magne- 
tometer. The dtp needle consists simply of a magnetized needle 
mounted on a horizontal axis. This is suspended from the hand and 
swung into the magnetic meridian, and the angle of dip or inclina- 
tion is read. The Hotchkiss Superdip* is a refinement of the simple 
dip needle and is designed primarily for measurements of the total 
intensity. A nonmagnetic bar with counterweight is fastened to the 
needle. The centers of gravity of both needle and the counterarm 
are as nearly coincident with the axis of rotation as possible. The 


‘Steam. N. H., ‘^Geophysical Prospecting.’* Am. Inst Mtn. and Met. Engrs., 1932,^ 
pp 169-186. 
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angle between the counterarm and the needle is adjustable and 
determines the sensitivity. The position of the counterweights on 
the counterarm changes the “latitude” adjustment. A thermometer 
is provided inside the case, and the whole is mounterd on a tripod 
with a leveling head. The instrument is shown diagrammatically in 
Fig. 12-8. For rapid surveys, this is a reliable and accurate instru- 
ment. 



Instruments of greater refinement and more complex design are 
widely used in both prospecting and regional surveys. Of these 
the Schmidt vertical magnetometer might be mentioned, in which 
the magnetic system is balanced on a knife edge, at right angles to 
the magnetic meridian, and the Schmidt horizontal magnetometer, in 
which the magnetic system is parallel to the magnetic meridian. 
For further discussions of mexiern magnetic variometers and their 
use, the interested reader is referred to the bibliography at the end 
of the chapter. Rapid magnetic surveys by airborne magnetometers 
have been made successfully in scvcial regions, and this type of 
survey is widely used in regional mineral reconnaissance. 
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Engineering Applications. Both oil and mining explorations 
have made wide use of magnetic explorations. In fact, more than a 
million square miles of the United States have been covered by 
magnetic surveys. Magnetic ore bodies are readily detected. Also, 
economic minerals, which are not themselves susceptible to magnetic 
location, may be associated with, or related to, magnetic minerals in 
such a way as to make magnetic surveys of value. At places, faults 
which bring together rocks of different magnetic properties may be 
inferred from magnetic data as may also folds which alter the ele- 
vations of magnetic beds. 

In civil engineering the applications of magnetic methods are 
somewhat restricted. A few water supply studies have made use of 
magnetic exploration methods; igneous dikes, or faults, for example, 
locally form subsurface dams. At one place a magnetic survey of a 
basalt quarried for construction material served to distinguish areas 
underlain by sound basalt from aieas underlain by rotten basalt. 
The location of buried pipe lines and other concealed magnetic 
metalwork is an obvious application to (i\il engineering practice. 

Electrical Methods. The electrical pioperties of earth materials, 
consolidated or unconsolidated, vary widely. Generally speaking, 
locks, with the exception of the metallic oies, are electrically con- 
ductive in proportion to volume, si/e, continuity, and distribution 
of voids, and void fluids present. Various types of unconsolidated 
materials differ significantly in voids and contained fluids; and con- 
solidated rcKks, for example sandstone and granite, likewise differ in 
porosity and fluid content. These differences affect the conductivity 
or its reciprocal resistivity. The contrasts between consolidated and 
unconsolidated materials are usually of a higher order than differ- 
ences within the two groups; hence, electrical exploration for depths 
of unconsolidated material is generally successful. 

Whereas some rock masses, as sulfide ore bodies, give rise to 
spontaneous electric currents, most lectrical exploration for engi- 
neering ends is carried on by artificially energizing the ground. 

Equipotential Method. If current is introduced into the ground 
by means of two electrodes, either point or line, current flows be- 
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tween them because of the difference in potential. Equipotential 
lines along which no current flows are traced by two nonpolarized 
“seai^h” electrodes connected through an amplifier to headphones. 
One of these remains fixed, while the other is moved until minimum 
sound is received in the headphones, at which position the two 
“search” electrodes are on the same equipotential line. If the ground 
were homogeneous and isotropic, the equipotential lines would be 
symmetrically arranged about the power electrodes. The disposition 
of potential and current lines for homogeneous ground is shown in 
Fig. 12-9. If, however, masses .pf better or poorer conductivity are 



Fig. 12'9. Left, Dispoiicion of current and potential lines for homogeneous 
ground. Right' Dispmition of current and potential lines for non homO' 
geneous ground. (From E\e and Keses. courtesy of the V S Bureau of Mines) 


embedded in the ground, distortions of the equipotential lines re- 
sult. A mass of better conductivity “attracts” the current lines and 
“repulses” the equipotential curves. A mass of poorer conductivity 
causes opposite deflections. The effects arc diagrammatical ly shown 
in Fig. 12-9. The long axis of an elliptical deformation is parallel to 
the strike of steeply dipping formations. 

Determinations of the equipotential lines or potential profiles 
have been used in the IcKation of ore bodies buried in glacial drift, 
delineation of structure beneath soil, and location of buried metal- 
lic objects. The method is best suited to the study of geologic forma- 
tions with steep or vertical contacts. 

Resistivity Methods, In engineering practice, resistivity measure- 
ments have been the most widely employed of the electrical sub- 
surface exploration methods. Where the ground investigations deal 
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with horizontal or low-dipping bodies, resistivity measurements are 
effective. Figs. 12-10 and 12-11 show the results of resistivity 
measurements as affected by vertical changes of material. Measure- 
ments of the potential differences about one of the power electiodes 
or between two can be made, and by supplementing current measur- 
ments the resistivity can be calculated. Experience in Kansas shows 
that determinations of depth to bedrock are generally accurate to 
within 10 per cent. 

A commonly used arrangement of electrodes is known as the 
Wenner-Gish Rooney method. Two reading, or potential, electrodes 



Fig 12 10 Lines of current flow in layered section (After S Weaver. 
Reproduced by publisher s permission from Geophysical Exploration, by G. A. 
Heiland, Prentice Hall, Inc ) 

are placed in line with two current electrodes, so that the distances 
between each are equal (Fig. 12-12). In this arrangement, 

„ V 

ft = 2ira j* 

where p = resistivity (in ohms per unit distance); a is the distance 
in centimeters between electrodes; V is the difference in potential 
between intermediate electrodes (in volts); and / is the current in 

V 

amperes flowing between end electrodes. Substituting R for -j, the 

expression is written R =2^5 hence the depth of exploration 
approximates the electrode separation. Other electrode arrange- 
ments are used, but the one just described is the most common. 
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As the spacing between the electrodes is increased, depth of ex- 
ploration is greater. Experience has shown that materials at greater 
depths than the space between electrodes has little effect on the 
values of p— the specific resistivity of material, expressed in ohm- 
centimeters (the resistance in ohms between parallel faces of a centi- 
meter cube of the material). The value obtained represents, for 
nonhomogeneous material, the average or apparent resistivity. 

From the preceding discussion it 
can be seen that theie are two pos- 
sibilities of exploration. First, hori- 
zontal variations of material are 
detected by maintaining a constant 
spacing of the electrodes along an 
exploratory traverse. Thus if a 20- 
foot spacing of electrodes is main- 
tained, with tests at every 20-foot 
station along the travel se, a depth of 
approximately 20 feet is explored. 
From the data, resistivity curves arc 
drawn with resistivity values as or- 
dinates and traverse distances as 
abscissae of the points. The curve 
for a step traverse over a deposit ot 
sandy gravel is shown in Fig 12-16 
Second, dejith data are obtained 
by progi cssivelv changing the spac- 
ing of the elec trodes so that deeper 
strata affect the values of p. In 
shallow exploration, for example, 
the initial electrode spacing might 
be 6 feet, with subsequent spacings 
of 9, 12, 15, etc., feet. The data are plotted as curves with resistivity 
values as ordinates, and electrode spacings as abscissae. 

If other complications are absent, an abrupt change in the curva- 
ture of a resistivity profile indicates a change in nature of the under- 



Fig 12 11. Results of lehistivity 
of nieaMircnients as affected b> verti- 
cal changes of materials Depth of 
rHMirf raiUMt incieiM's u»»h 
the ssidth of spacing between the 
electrodes. Generally the depth of 
bedrock beneath the ground suiface 
is taken as that value of electrode 
spacing at which the curve takes an 
upward trend because of the high re- 
sistivity of rock as compared to earth 
or loose rock. (From Shepard, cour 
tesy of the U. S. Bureau of Public 
Roads) 






240 


GEOLOGY FOR ENGINEERS 


lying materials at a depth approximately corresponding to the 
spacing of the electrodes for the point of curvature change. A rising 
curve indicates increasing resistivity with depth, as might be oc- 
casioned by rock or. gravel. A flat or descending curve indicates 
decreasing resistivity such as might be caused by clays or other soil 
types. More precise methods of handling the data, involving com- 
putation and graphical solutions, make quantitative interpretations 
possible. By quantitative analysis of the apparent resistivities, the 




o eoqoFt 

Fic. 12-13. Fold determined by reeiitivity measurements. (From Hub- 
bert, courtesy of the A.l.M.E.) 

true resistivity of a member of a two- or three-strata series can be 
determined, with obvious advantages in forecasting subsurface 
lithology and structure. 

Other electrical methods have been developed. To date, how- 
ever, the resistivity methods have proved most useful in engineering 
practice. 

Engineering Applications, Petroleum engineers have used re- 
sistivity methods widely and successfully in subsurface structure 
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mapping. Buried anticlines, the most common type of structure 
favorable to oil accumulation, can be traced by determining depths 
to strata of greater or lesser resistivity. An example of structural 
determination by the method is illustrated in Fig. 12-13. In this 
instance a fold concealed by glacial till brings a limestone of high 
resistivity near the surface. Another example of engineering applica- 
tion, the determination of rock excavation in a highway cut through 
a till-mantlcd hill, is shown by Fig 12-14. 

Mining engineers have applied resistivity methods to subsurface 







^Co\«L In Feai* 


— — RjocX L\r%m ^rorrs 
Eleci*rical Ogi^' 

- - — Obs«rv«a RocK Uim# 


Fic. 12 14 Decerminaciori of rock exca^arion in a projected highuay cut through a 
till mantle hill. (Alter Kurtenackcr. coiiitesy of the AIME) 
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structure determination and to the delimitation of certain economic 
deposits. 

Civil engineers have found increasing use for resistivity methods. 
Examples of civil engineering problems to which resistivity methods 
have been successfully used are determinations of depth of bedrock; 
determinations of subsurface structures that may affect engineering 
design or construction; classification of subsurface material, as earth, 
loose or broken rock, and consolidated rock (necessary in letting con- 
tracts); location and delimitation of construction materials; and 
location of water-bearing strata. 

Determination of depth to bedrock. Many types of construction 
require a determination of the depth of overburden. 

On the Connecticut River in New Hampshire, for example, the 
part of the valley across which a dam was to be built is a buried 
pre-glacial gorge, choked with a glacial fill consisting of till, gravel, 
sand, and clay. The underlying bedrock is schist and phyllite. It 
was required to determine the depth to bedrock at enough points 
to outline the conditions in the vicinity of the dam. The depth of 
overburden varies along the axis of the dam from 0 to nearly 150 

Table 12.1.* Results^ of Electrical Determinations Directly 
Checked by the Drill 

Predicted Depth 
in Relation to 

True Depth to Predicted Depth the True Depth 


Hole Number Rock (feet) (feet) (%) 

1 29 24 83 

7 27 41 151 

9 108 108 100 

10 100 118 118 

11 56 53 95 

12 50 43 86 

13 101 105 104 

14 142 148 104 

20 167 115 69 

21 147 142 97 


*Frofn Crotby, 1. D. 
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feet. Table 12.1 shoWs the results of the electrical determinations as 
compared with check drilling. 

For five of the ten holes, it will be noted, the electrical predic- 
tions were checked within 5 per cent by the drill. Three of the 
predictions checked within 20 per cent, and two holes. Nos. 20 and 
7, were in marked error. In hole No. 20 a “hill" of gravel of high 
resistivity was mistaken for bedrcKk. Hole No. 7 was IcKated near 
the edge of the buried gorge. It is thought the drill struck a high 
point of rock whereas the electrical determination was influenced 
by surrounding material. 

The rapidity, economy, and relative accuracy of the electrical 
subsurface methods of bedrock depth determinations recommend 
them. They supplement but do not supplant drilling and geological 
investigation. 

Subsurface structure determination. Fault zones because of 
cru.shing and water content may be determined in the course of 
subsurface studies. 

Reduced resistivities discovered in the investigation of an aque- 
duct site revealed a crushed and water saturated fault zone 350 feet 
wide in the granite. The site was rejected. Many other examples 
could be cited from explorations of dam foundations. The signifi- 
cance of this type of structural determination is apparent. 

Location and delimitation of conslnittion mate-ial. Resistivity 
exploration of gravel and sand dejjosits ran be advantageously carried 
on in some instances. An illustration is found in Fig. 12-15. A pre- 
liminary traverse with tests at 20-foot intervals was run along the 
old logging road where gravel was suspected. Tests showed an in- 
creasing amount of sand and gravel as a peak was reached between 
stations 1 -f- 60 and 5 -)- 00. Graphs A and B and C (Fig. 12-16) 
show the resistivity curves and logs of bore holes at these locations. 
Subsequent traverses, as indicated by the map, outlined the gravel- 
sand deposit. The area within the ’>000 ohm-meter contour was 
found to contain a gravel stratum 8-10 feet thick within 12 feet of 
the surface over much of the area. From the data of this survey, 
the area of Fig. 12-15 designated as A is estimated to contain some 
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Fic. 12 15. Resisii\ii\ contour map of a deposit of s.indv gravel. (From W. Moore, courtes) 

Pit and Quart y Magazine) 
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10,000 cubic yards of sandy gravel with some clay and sand spots, 
within 15 feet of the surface. The area designated as B is estimated 
to contain 15,000 cubic yards of gravel. 

Moore ^ estimates that a resistivity crew of four, an operator, 
recorder and two laborers can run about 2000 to 4000 feet of traverse 
a day and may be expected to make twenty to thirty depth tests 
involving about 30 feet as compared with four or five 6-inch augur 
holes to a depth of 12 or 15 feet per day expected from two men. 



• « M NM»( « » It i»M4t9t 

iucimf miCiNi-rccT 

Ik. 12 lb Resistivity depth tests in a sandy gravel formation underlain by clay or 
clayey sand, (tioin W Mooic, courtesy of Pit and Quarry Magazine) 

The method is not without failures, howcvei, and in common 
with all geophysical exploration, the data must be correlated with 
surface geology and checked by borings to be effective and economi- 
cal. 

Subsurface water studies. The location of subsurface water sup- 
plies has been attempted, and locals^ results of value have been 
obtained. The Illinois (;eological Survey is successfully using elec- 

* Moore, W, “Prospecting for Gravel Deposits by Resistivity Methods Describeil, 
Pit and Quarry, Vol. 38. 1945, p 79 
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trical prosperting for gravel-sand aquifiers in glacial drift. Both 
potential and resistivity methods have shown promise, but the limita- 
tions and dilhculties do not ordinarily make these methods attractive. 
In regions of gentle dips, the presence and structure of an aquifier— 
for example, a porous sandstone stratum— may be determined. In 
areas of strongly deformed sediments or of crystalline rocks, however, 
geophysical location of water supplies has yet to be perfected. 

^ Seismic Methods. The elastic properties of earth materials vary 
'widely. Seismic methods of geophysical exploration are based on the 
variation of elastic properties. Differences in the elastic coefficients 
of different layers give rise to reflections and refractions of seismic 
waves, which are treated in the same manner as are the comparable 
phenomena of geometrical optics. The instruments are designed to 
measure and record the speed of propagation of such waves in earth 
materials. The velocity measurements make possible inferences as 
to the attitude, nature, distribution, and structure of subsurface 
materials. 

The speed of the seismic waves in rock is influenced in large 
measure by the degree of consolidation. 

Table 12 . 2 .* Representative Longitudinal Wave Velocities 


Material Ft /Sec 

Alluvium (surface deposits) 1805- 4921 

Gladal drift (type not specified) 1588- 5578 

Sands, sandy clays, and clay 1540- G234 

Sandstone, shale 3055-13,780 

Limestone 3200-20,998 

Granite 13,124-18,603 

Gneisses and schist 10,170-24,406 

Slate 10,500-16,405 


* Data from Heiland’s Geophysical Exploration. 

The data of TaUe 12.2 are representative, although based on 
relatively few determinations. The data at least bring out a con- 
trast between crystalline and thoroughly indurated rocks, on the 
one hand, and the more loosely coherent and unconsolidated ma- 
terial on the other. In general, velocity ranges of 1000-6000 feet 
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per second indicate unconsolidated or weakly consolidated material. 
It will be seen that the contrasts arc not sufficient to distinguish 
clearly between sand and clay or between other types of uncon- 
solidated materials. 

Two methods are of common use in seismic exploration. These 
are known as reflection shooting and refraction shooting. Reflection 
shooting is generally used for deep exploration, commonly greater 
than 2000 feet. Refraction methods are better adapted to lesser 
depth and, since most engineering explorations are of the shallower 
types, only the refraction method is described here. 

Refraction Methods. In refraction determinations, a blasting cap 
or small charge of dynamite is exploded at or near the surface at 
a point known as the shot-point. From the shot-point, elastic waves 
travel outward in all directions. In profiling, detectors (seismom- 
eters) are apaced at intcivals in line with the shot-point (Fig. 12-17). 
The disturbances, commonly amplified, are recorded photographi- 
cally on moving film. Time intervals are recorded on the film strip 
by time lines which are obtained from a tuning-fork device, elec- 
trically driven. The tines have peep slits which coincide when the 
tines are in the neutral position; hence two lines are photographi- 
cally recorded on the films for each complete cycle. The instant of 
detonation is electrically transmitted from the shot-point to receivers 
and is indicated on the film strip. In one methoil a wire on the 
blasting^ cap is hooked up with the galvanometers cf the receptors 
in such a way that when it is broken by the detonation a kick is given 
to the galvanometers, and the time of explosion is simultaneously 
recorded on the curves for each receptor. 

A typical photographic time record is shown in Fig. 12-18. In 
this figure the three curves represent the record of three detectors 
spaced out in line with the shot-point. It is assumed that seismic 
energy follows that path which enables the impulse to reach the 
receptor in the shortest time. In Fig. IT 17 it will be observed that at 

close to the shot-point, the first disturbance, has traveled directly 

through the soil, with speed which is expressed as Ve At 
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greater distances from the shot-point, waves from the explosion that 
have followed the paths SPP^D^ and SPP^D^ are the hrst arrivals at 
Di and Because SPP.^ is common to both circuits the velocity 
in rock, Vr, can be expressed as 


Vr -- 




-L, 


l\- T, 

Without introducing serious error, it may be assumed that the angle 
of refraction at point P is OO-", and tliat PP^ is equal to 1.^. If the 



ri(> 12 18 1 ime record of a seismic evploration 
Calculation of depth to bcdiock shooting dis 
tanres, 1 1 50 ft 1 j ~ 100 leet I 150 ft I imc 
of ud\e tid'd fioiu shot to d< lectors I, 0355 
sec J. 071 see r, 074 see 
V,— \clocuy of wave in earth — 

It 50 

I. =lj3r,r,=»00flAec 
Vr- velocity of wave in lork — 

1 1-La 50 . , , 

It r. ~ 001 “ 

\. T IV, 

H — depth to rock— ^ 

1100 X 071 150 1100 

2 2 ^ 16 700 

(Fiom I R Shepard court csv of the T S Bti- 
reaii of IMifilic Roads) 


direct wave through the earth and the retracted wa'''e arrive at the 
same time at a detector, the distance from that detector to the shot- 
point is called the critical distance. In making determinations to 
bedrock, L should approximate the critical distance for best results. 
Values of Ve (earth velocity) and Vr (lock velocity) are usually such 
that the critical distance L approximates 2.2 H (depth of soil). 

It will be noted that in depth determinations of this type, the 
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average depth between shot-point and detector is determined. A 
reverse profile, from which the slope of the bedrock surface can be 
estimated, is established by shooting at the other end of the line. In 
northern Wisconsin-Michigan fifty of sixty depth-to-bedrock de- 
terminations using this method in a survey for a canal route were 
found to be accurate within a foot. 

Time-travel curves drawn from the data obtained by seismic 
methods assist in interpretation. The ordinates are distances from 
the shot point; the abscissae are time intervals. In piactice the' 
velocities in the different layers are determined from the time-tiavtl 
curves. The method of bedrock depth determination is illustrated 
by the results of the U. S. Bureau of Public Roads cxpciimcnts 
at the Arlington Memorial Bridge. Fig. 12-18 reproduces the time 
record and calculations for one station. 

The determination of the presence and configuration of more 
than one refracting layer in depth complicates analysis, but problems 
involving strata of different elastic properties can be solved. 



•tydt Pwr.t 


, 0 '-T-' -'-'-S' A 


;s/eloctty j 


Velocity 

K-Contoct 


12000 feet /^cjorsd 


Fig 12-19. Time travel curves for conditions in the cross section (From 
M. P. Billings, Structural Geolofft, courtesy Prentice Hall, Inc New York) 


If vertical or nearly vertical boundaries of rock masses of different 
elastic properties are present, the location of the boundaries can be 
established as illustrated in Fig. 12-19. Because a similar curve might 
be the result of horizontal differences, another shot at a distance 
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from the first is fired. If the boundary is vertical, the break in the 
(urvc remains at the same place wherever the shot may be placed. 

Of the geophysical methods, those most used in civil engineering 
explorations are seismic and resistivity determinations of depth to 
bedrock and exploration of material sources. A brief comparison of 
boring methods and seismic and resistivity determinations is shown 
in Table 12.3. 


Table 12.3.* Relative Merits of Geophysical and Comparable 

Boring Mi moos 


Method 

Fquip 
merit 
Cost, $ 

Weight. 

lb. 

\fini- 

inuiii 

Crew 

Cost, 

$/n 

Advantage 

Disadvantages 

and 

Limitations 

Hjnd 

.lUgfT 

10 

10 

1 

.50 1 

Soil 

samples 

Limited by gravel and 
ground water 30 ft. 
maxiniuin depth. 

loop 

iiKiiintcd 

power 

dURer 

y^oo 

3(K)0 

1 

30. 1 

Soil 

samples 

Limited by boulders 
and ground water. 

Wash bor- 

IIIR 

500 

200 

2 

30-1 

“Washed’* 

samples 

Cannot bore gravel or 
boulders. 

Seismic 

IU(M) 

• 

150 

3 4 

.25.50 

Not ham- 
pered by 
boulders 

Kstimate only for char- 
acter of soil. Unrelia- 
ble if soil depth (rock 
surface) is irregular. 

Resistivity 

500 

25 

2 3 

.25.30 

Not ham- 
pered by 
lioulders 

On'y estimates soil 
character. 


• After G. F. Sowers, Ttaiis. /Im. Stic. Cti'il. Liigis., Voi. 118, 1952, p. 959. 
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CHAPTER XIII 


EARTH HISTORY 


O N MANY OF THE GEOLOGICAL MAPS WHICH AN ENGINEER 

may consult, it will be found that rocks arc shown as Cam- 
brian, Oidovician, Silurian, or by other specific time designation. 
In most geologic reports, historical terms are used, without explana- 
tion. In the engineering literature also, many references could be 
cited wherein the nomenclature of historical geology has been used. 
The engineer will find it of value, therefore, to be acquainted at 
least with the geological timetable and to appreciate the basis for the 
major units of the time division, and also to be familiar with some 
of the basic principles underlying historical geology. 

Earth history necessarily involves dates and events. Archeologi- 
cal restorations of human history arc based in large measure on 
remains; similarly, geological history is recoided by remains, 
both organic and inorganic. The kinds of rcKks and their minor 
structures throw light on the events and conditions which pro- 
duced them. Unconformities and fossils are of esp.'cial significance. 
And if geologic histoty is to be of wide significance, the inter- 
relations of many regions must be established; stated otherwise, 
geological correlations must be worked out. The major divisions of 
geologic time, established by broad regional correlations, constitute 
the geologic timetable. 


GEOLtx:ic Time 

The length of geologic time is probably the most difficult con- 
cept of historical geology to grasp. The age of the earth has been 
variously estimated by several different methods. Archbishop Ussher, 
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of Dublin, in the 17th-century, through calculations based on 
Biblical data, placed the date of creation at 9 o’clock on the morning 
of October 26, 4004 b.c. The late of growth of the Nile delta had 
suggested to Herodotus nearly two thousand years before Usshers 
time that many thousand years were recorded in its building. Annual 
layering of certain lake-deposited shales of Colorado and Wyoming 
indicate that six and a half million years were required to produce 
the 2600 feet of that particular sedimentary formation alone. As 
we have seen in the discussion of rock weathering, sodium is leached 
from the rocks and carried into the sea where it is concentrated by 
evapoiation. Therefore, calculations of the amount of sodium in the 
sea and a knoivledge of the annual increment gives us a formula 
wheieby the age of the ocean might be appioxi mated: 


Sociiiim in the sea 

Annual inclement of sodium 


=r age C3f the sea 


This works out to be about 100 million yeais. The rate of annual 
inclement, however, has not been constant and the figure is of only 
passing interest. Moie lecent researches have demonstrated a new 
and apparently reliable method for the deteimination of the age 
of rocks. Minor amoiuiis of uranium and thorium, the two chief 
ladioactive elements, occur in all rocks. These elements spontane- 
ously undergo slow disintc^gration into helium and lead with the 
evolutioti of heat. The physicist has been able to determine the rate 
of this atomic disintegration, and no knewn cemditions of heat, 
pressure, or associations affect the rate of transformation. The latio 
of radioac lively produced lead to uranium in a crystal of one of the 
uranium minerals makes it possible to determine its age. In- 
cidentally, radioactively produced lead has a slightly different atomic 
weight from ordinary lead. The age of the oldest rocks that have 
been determined by radioactivity is computed at approximately 2.5 
billion years. Since these rocks were intiusives in still older rocks, it 
follows that an approximation of three billion years is probably 
within the right order of magnitude for the age of the oldest rocks 
now exposed at.^the surface. 
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The Geoiogic Timetable 

The span of earth history, whirh has been indicated as some 
three billion years, is by no means completely represented by the 
rocks notv exposed. Everywhere breaks of various magnitude occur 
which subdivide geologic history into units analogous to the sub- 
divisions of human history. The major units of geologic time are 
called eras, and the lesser units of time which make up the eras arc 
called periods. Ihe commonly accepted timetable which is appli- 
cable to the rocks that occur in all parts of the world is shown in 
Table 13.1. 

The major divisions of the time scale— eras— are separated from 
each other by major breaks in the geological record. The major 
breaks are the results of widespread uplifts and consequent erosion. 
Over widespread areas of the earth's surface uplifts which bi ought 
sedimentary beds into the erosional zone were accompanied by in- 
tense folding and at many places by igneous activity. These wide- 
spread and long enduring changes in physical environment caused 
marked evolutionary changes in the plants and animals of the time, 
so that when seas readvanced over the eroded area, new assemblages 
of plants and animals had come into existence. Almost universally, 
great changes are found in the assemblages of organic remains en- 
tombed in the rocks of different eras. 

Similar breaks in the geologic record, but of lesser significance 
than those delimiting the eras, mark off divisions within the eras 
called periods. Breaks of still less significance subdivide the periods. 
A formation is a group of rocks composed of similar materials and 
displaying common group characteristics, with boundaries that can 
readily be traced in the field. A formation, then, is a mappable, 
natural unit of sedimentary strata, surface volcanics, or their meta- 
morphosed equivalenfs. Formations are named commonly from a 
locality at which they are typically developed and well exposed. 
Formations are the lithologic units that are shown on most geologi- 
cal maps. 
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Tabll 13.1. Divisions of Geological Time 


Ceno/oic Era 
(or period) 


Mesozoic Era 


Quaternary 

- 

Tertiary 
Cretaceous 
J Juiassic 
Triassic 


( Recent Approximate 

Pleistocene Age in 

or Glacial Years 


60 million 


200 million 


Paleozoic Era 


Permian 

Pennsylvanian 

Mississippian 

Devonian 

Silurian 

Ordovician 

Cambrian 

V 


rPioterozoic Era J 


Archeozoic 


Keweenawan 


Fluronian 

(Animikie) 


Timiskaming 


^Carboniferous 


350 million 
520 million 


I^Kecwatin 5 billion 

Historical Interprei ations 

The reconstruction of past geologic events is aided by lecognition 
of rock types, structures, and unconformities, and especially by recog- 
nition of any organic remains pieserved in rocks. 
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Lithology. The mineralogicai and mechanical compositions of 
sedimentary rocks carry implications as to climate and topography. 
For example, an arkose resulting from the disintegration of a granite 
implies severity of climate— either cool or arid. Bauxite deposits that 
result from chemical weathering of a syenite imply warm moist low- 
lands. Angularity of clastic fragments means in general short trans- 
portation. Volcanic ash and tuff beds, lava flows and intrusions, 
indicate past igneous activity in many regions which at the present 
time are entirely free from any volcanism. 

Minor Features. The minor structural features of many sedi- 
ments give some clue to the environment in which they were de- 
posited. Ripple mark and cross-bedding are relatively shallow water 
features which are not commonly formed in depths of water greater 
than two or three hundred feet. Mud cracks, while they may be 
formed beneath the water, usually indicated exposed mud flats. Oc- 
casionally even rain prints and frost marks have been preserved 
Buried soil horizons or weathered zones often indicate something 
as to the conditions prevailing at the time and place of weather- 
ing. 

Unconformity. Unconformities already have been described and 
figured (page 191). Because of their significance in the interpre 
tation of the geologic record, an example is introduced here from 
the Grand Canyon region. Fig. 13-1 represents the cross section ex- 
posed along the canyon wall in the Shinumo Quadrangle, oArizona 
At the bottom of the section is granite. That this is not the oldest 
rock in the region, however, is shown by inclusions of the overlying 
schist in the granite and by the penetration of the granite into the 
schist. The schists, which are in large part of sedimentary origin 
as shown by bedding, were deposited in some water body, consoli- 
dated, folded, metamorphosed, and then intruded by the granite. 
Erosion followed the intrusion. On top of the eroded Vishnu schists, 
sediments were deposited in the water that subsequently flooded 
the erosion surface. The line of contact between these two sequences 
of rock marks the unconformity in this area between the Archeozoic 
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and Proterozoic. Following the deposition of Proterozoic rocks, the 
land was again warped up and subjected to erosion. The next de- 
posits above were deposited in the upper Cambrian seas which ad- 
vanced over the region. Uplift of the land or recession of the 
sea level again brought the area above water for the succeeding 
sediments above are Carboniferous in age. The line separating the 
rocks of the Cambrian section from those of the Carboniferous is 
an unconformity; strata of Ordovician, Silurian, and Devonian 
ages are missing. Either the missing beds were never deposited or 
were eroded before the advance of the Carboniferous sea. Recession 
of the sea and erosion followed the deposition of the Red Wall 
limestone (Mississippian) and a readvance of the sea in Permian time 
gave opportunity for deposition of the Hermit shale, Coconino sand- 
stone, and Kaibab limestone. Thus it may be seen that in the sec- 
tion diagramed in Fig. 13-1, a record of diastrophism and erosion 
as well as deposition and igneous activity is presented 

Natural exposures showing any such complete record are rare 
indeed. Rather, information must be pieced together from scattered 
exposures. Thus, it may be found that the granites of one locality 
penetrate a certain quartzite. At another place it may be found that 
the same quartzite is unconformably overlain by a conglomerate. 
Elsewhere the conglomerate may be seen to be overlain conformably 
by sandstones, shales, and limestones. By assembling the data from 
the various exposures in a region the geologic relations and a 
sequence of events may be worked out. The significance and im- 
portance of unconformity in the interpretation of geologic history 
are thus apparent. Unconformity may not be readily distinguishable 
in the field, particularly in areas where the rocks above and below 
the unconformity are highly deformed. Disconformities are breaks 
in the depositional sequence above and below which the rock strata 
are essentially parallel. The detection of disconformity may depend 
on paleontological evidence or on the recognition of the absence of 
certain strata normally present. Occasionally the presence of uncon- 
formity may not be recognized until field mapping brings out the 
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(act that one formation immediately overlies different formations 
at different places. 

Fossils. Fossils are any trace of plants or animals found in sedi- 
mentary deposits older than post-glacial. The two most important 
conditions favoring the preservation of plant or animal fossils are pos- 
session of hard parts and rapid burial. Even such soft-bodied animals 
as jellyfish have been preserved as fossils, but they are exceptional. 
Organic remains are preserved in various ways. These are: (1) Ac- 
tual preservation of the organism intact, for example the mammoth 
elephants found frozen in stream gravels in Siberia. Actual preserva- 
tion is, of course, extremely rare. (2) Molds. After burial the plant 
or animal itself may disappear due to solution and decay, but the 
imprint in soft sediments may be preserved. (3) Casts. Molds may 
be filled with some other substance making natural casts similar to 
castings which are made from molds in a foundry. (4) Replacement. 
Mineral material, for instance silica, or other mineral matter may 
replace the organic remains bit by bit, faithfully preserving the 
structure. Perhaps the best known example of this type of preserva- 
tion is petrified wood. (5) Permineralizatwn. Mineral matter, silica 
or other substances, often infiltrates into the interstices and small 
voids, where its deposition "petrifies” the remains. (6) Carbonation. 
Plants, by slow decay, often leave carbon films which beautifully 
preserve the detail of the original material. (7) Traces. Animals 
that walked or crawled across soft sediments left tracks and trails a 
few of which have been preserved; excreta of various animals also 
have been occasionally preserved, and such curiosities as gizzard 
stones have been identified. 

Within the last hundred and fifty years, the true nature of fossils 
as a record of past life has been accepted by nearly all. A tremendous 
volume of research on fossils has been accomplished, and at present 
fossils are useful to the geologist in a number of different ways. By 
the study of fossils the orderly course of evolution has been demon- 
strated. Although the Cambrian period is the first in which fossils 
became at all abundant, and the Precambrian rocks are virtually 
barren of fossils, nevertheless, the stage of evolution at the beginning 
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of the Paleozoic indicates that life had originated far back in Pre- 
cambrian time. For each period of geologic time since the beginning 
of the Paleozoic era, a characteristic assemblage of fossils has been 
recognized. Ceruin life forms had a widespread geographical dis- 
tribution and only a limited span of existence; some species existed 
only a fraction of a geologic period. These fossils of short time 
range, if widespread and abundant, are especially useful as horizon 
markers. By iheir recognition it is possible to establish the essential 
time equivalence of the layers in which they are found, although 
the exposures may be far apart. It should be emphasized that the 
sequence of fossil forms has been established by field and laboratory 
work and does not depend on any theory. No species once extinct 
has ever reappeared. 

The study of types and distributions of marine fossils has given 
information on the extent of seas of the different periods. In a 
similar way land fossils indicate nor only land areas but also con- 
nections between them which afforded migration routes. Paleon- 
tology thus has helped the geologist in the construction of paleogeo- 
graphic maps which outline in a general way the land and sea areas 
of a particular time. Fig. 13-2 illustrates a paleogcogr^hic map for 
the middle Silurian. 

Much information is given by fossils as to the climate of the 
times in which they lived. The distribution of Arctic types in 
Pleistocene sediments far to the south of their normal habitat today 
indicates recent climatic changes of far reaching effect. By analogy 
the habitats of certain fossil organisms are assumed to have been 
similar to those of present representatives. Thus, where colonial 
corals of Silurian age are found in Wisconsin and farther north, in 
association with other forms also presumed to have been warm water 
types, it may be assumed that the shallow sea which covered the area 
was relatively warm. 

Correlation 

If there were no soil mantle or coinpluations of structure, meta- 
morphism and intrusion, the correlation, or matching, of the beds 
exposed at one place with the same or equivalent beds at other 
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localities would be a relatively simple matter. Because of the frag- 
mentary character of the record, however, it is often difficult to 
match, or correlate, rock formations from exposure to exposure, 
locality to locality, or from drill hole to drill hole. There are several 



Fig 13 2 Gencrilized paleogeographic map showing sea and land areas in 
North America dining Middle Silurian time 1 his was the greatest Silunan 
sea White are is land, ruled areas sea Smill circles show \olcanoes in 
Maine New Biunsuick and No\a Scotn Principal data (modified) from 
maps by C Schuchert and R Chamberlain 

ways in which correlation may be established. (1) It is often possible 
to establish the physical continuity of beds over short distances, 
(2) the discovery of guide fossils is the most certain means of identify- 
ing the stratigraphic position of a bed and establishing i^^ correla- 
tives; (3) within limited areas, lithologic similarity of beds is often 
used successfully; (4) like sequences of beds suggest possible correla- 
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tions, and the more beds involved in the sequences the less chance 
for error; (5) similarity of insoluble residues of carbonate rocks or 
of the minor mineral constituents of the insoluble rocks has been 
useful in establishing correlations. 

Other means of correlating rocks are comparisons of the degree 
of metamorphism, amount of deformation, and number and variety 
of igneous intrusions present. These are somewhat less satisfactory 
and less conclusive than the preceding methods. Radioactive age 
determinations establish general time equivalence but do not estab- 
lish precise stratigraphic correlation. 

The correlation of rocks from place to place often has economic 
or practical significance. This is particularly true in drilling for 
water or pefroleum. Certain beds may be known water-bearers or 
petroleum yielders. If the stratigraphic succession has been estab- 
lished in a region and the beds being drilled can be correlated with 
the equivalent beds in the established succession, the driller knows 
where he is stratigraphically and can estimate the depth to which 
he must continue drilling. It is recognized, of course, that thick- 
nesses are variable and erosion may have eliminated some members 
of the succession. In a similar way the establishment of stratigraphic 
position of beds is of assistance in forecasting tunneling and mining 
operations. 

It will be noted that the above discussion of the historical sig- 
nificance of fossils and rock characteristics draws largely on analogy 
with present-day conditions. This can be summed up tersely in 
the sutement that the present is the key to the past, as first realized 
by James Hutton 150 years ago. This is another way of saying that 
the same processes at work today have acted in a similar way in the 
past, although it is recognized that the rate of action has varied from 
time to time. This doctrine of Hutton’s is known as the principle 
of uniformitarianism. 

Resume of Geologic History 

The farther back we go in geological history, the less certain is 
the interpretation of events. The oldest rocks so far recognized arc 
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sedimentary rocks, intensely deformed and metamorphosed. The fact 
that they are of sedimentary origin means that they were derived 
from pre-existing rocks which were weathered in the same way that 
rocks are being weathered today. Nowhere in the world have any 
vestiges of a beginning been recognized. Consequently, there is as 
yet scant geologic basis upon which to found a hypothesis of earth 
origin. We do know, however, that there are no elements recognized 
in the earth that do not occur in the sun. 

Earth Origin. It is supposed by many that the sun is the parent 
of its attendant planets and their satellites. Various suggestions for 
the mechanism of origin have been proposed. Two American scien- 
tists, Chamberlain and Moulton, suggested that an errant star made 
a close approach to the sun. According to their view, the tidal 
forces generat^'d by this celestial accident, aided by the sun's tend- 
ency to explosive eruption, partially disrupted the sun; the ejected 
sun material hardened into small solid particles, called planetesi- 
mah; the aggpregation of planctcsimals has brought the earth to its 
present size. Modifications of the original Chamberlain and Moul- 
ton hypothesis have been proposed by the British scientists, Jeans 
and Jeffrey, who propounded what is called the tidal-gaseous hy- 
pothesis. According to this hypothesis, a star made a sufficiently 
close approach to the sun to cause the ejection of a f igar-shaped fila- 
ment or stream of gases which subsequently condensed into the 
several membeis of the planetary system. By either hypothesis, after 
the passing of the errant star, the gravitative pull of the sun has kept 
the ejected material, planetary bodies, under solar control. The 
tidal-gaseous hypothesis assumes that the earth went through a molten 
stage. 

In recent years objections to these hypotheses have led to a 
series of new proposals. One of the currently favored ideas begins 
with an extremely diffuse dust cloud. The minute but real pressure 
of light from surrounding stars acting on the individual tiny parti- 
cles of "cosmic dust” forces these towards a common center. With 
increasing density of the dust cloud, gravitational forces eventually 
become effective, with "collapse” of the volumes of maximum density 
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into a central body, the sun, and into minor centers, the planets and 
their satellites; in the process high temperatures were generated. The 
dust-cloud hypothesis and its vaiiations are too recent to have been 
critically tested. 

The surficial rocks of the earth’s crust have a specific gravity 
approximating 2.75. The specific gravity of the eaith as a whole 
is about 5.5, and that of the material at the center of the earth is 
perhafTS 11. Unless an initially liquid condition is assumed, it 
is difiicult to account for the density distribution. As the earth 
cooled and condensed, violent vokanism must have prevailed which 
brought waters and gases to the surface. Since the advent of surficial 
waters and the acquisition of an atmosphere, weathering and erosion 
have been at work. The geological record does not start, however, 
until after these processes had been operative for a considerable 
length of time, fur, as has already been stated, the oldest rocks known 
show that they were by no means part of any original ci ust. 

The Precambrian. Radioactive determinations of age show that 
the earliest rocks with abundant fossils date back at least 500 million 
years. Similar age deteiminations reveal an age of some 2.5 billion 
years for the oldest rocks yet identified. Because all of the time 
before the beginning of the Paleozoic Era is included in the Pre- 
cambrian, the latter therefore includes about 80 per cent of known 
time. How much older the earth is than the oldest rocks studied 
is a matter of pure conjecture. For several reasons the Precambrian 
history of the earth has not been worked out in the same detail as 
that of the following etas. In the older Precambrian, the rocks are 
highly deformed, intimately intruded by igneous rcKks, and almost 
barren of fossils. In the later Precambrian, more detail has been 
achieved in working out the record. 

Precambrian rocks are of the same types as those of more recent 
dates, showing that the same processes active today were acting then 
in the same way with similar results. Volcanic activity was wide- 
spread and abundant. Thicknesses of from 10 to 20 miles of Pre- 
cambrian sedimentary formations have been studied at various 
places. This does not mean that at any one locality a sequence of 
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50,000 to 100,000 feet of Precambrian sediments has been estab- 
lished. It does mean, however, that by piecing together bits of the 
record from regional studies such a thickness is apparent. The 
figuies merely indicate the order of magnitude of sedimentary for- 
mations of Precambrian age. During the Precambrian, there were 
at least three times of widespread orogeny, or mountain making, 
and accompanying widespread igneous invasions. Because of uni- 
veisal deformation and extensive intrusions, the early record fades 
into obscurity, and the early Precambrian rocks are often known 
as the basement or fundamental complex. This complex is unique 
in that it is the only sequence of rocks thought to be universally dis- 
tributed over the surface of the earth. Everywhere on the earth’s 
surface, rocks of the fundamental complex underlie all locks that 
hn\e been subsequently deposited except possibly where wiped out 
entirely by later inttusions which rose from deep within the earth. 
In ( outlast to the rocks of early Precambrian, however, except in 
hells of strong folding, the rocks of late Precambrian are only mildly 
deformed and are subhorizontal. During the Precambrian, also, 
many valuable metal deposits were formed, including the great iron 
formations of the Lake Superior region, which have been the source 
of approximately 85 per cent of the iron ore annually produced in 
the United States. Copper, nickel, silver, and gold, as well as other 
valuable ores, are found in Precambrian rocks. 

There is little evident e as to the climates of these early times. 
It is noteworthy, however, that consolidated glacial deposits indicate 
that widespread glaciation occurred in the Pioterozoic (Middle and 
Late Iluronian). Likewise, indications of Precambrian life are very 
meager. Algae, sponges, and worms are certainly known. In- 
direct evidence of life is found in the iron and carbon content of 
some Piecambrian rcKks which in part may have been deposited as 
a result of organic activity. Certain it is, however, that organic evo- 
lution picH ceded far in Piecambrian time, for at the beginning of 
the Paleozoic era all of the phyla except the Chordates had evolved. 

The greatest area of Precambrian rocks in North America is the 
shield-shaped region about Hudson Bay. Precambrian rtx:ks are ex- 
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posed also at places in the Appalachian region, in the Piedmont 
plateau, in the Ozarks, Wichitas, and Black Hills regions, and at 
scattered localities in the Cordilleran region. Prccambrian rocks are 
known also on all the other continents. 

The Precambrian was brought to a close by local batholithic in- 
trusion, regional uplift and erosion. These closing events are called 
the Killarney Revolution. 

The Paleozoic. After a long period of erosion, the Cambrian 
seas crept in over the continents- which had been worn down to a 
relatively low relief in the erosion interval which followed the Kil- 
lamey Revolution. On North America, seas first occupied great 
depressions called geosynclines. One of these, called the Appalachian 
geosyncline, was located along the site of the present Appalachian 
Mountains; another, called the Cordilleran geosyncline, extended 
along the site of the present day Cordillera; a third, the Ouachita 
geosyncline, extended from Texas to Alabama. These thice seaways 
were more or less persistent features of the Paleozoic landscapes. At 
times they were filled with water, and at times they were drained 
They were the loci of the heaviest Paleozoic sedimenution, and in 
the Appalachian geosyncline about 30,000 feet of Paleozoic sedi- 
ments were deposited. Because the sediments were dominantly of 
shallow-water type, it follows that subsidence of a geosyncline about 
kept pace with deposition, or vice versa. During most of the Paleo- 
zoic, a highland area, Appalachia, lay to the cast of the Appa- 
lachian geosyncline. This highland extended an unknown distance 
into the Atlantic. To the rvest of the Cordilleran geosyncline was 
a Paleozoic land area, Cascadia, and to the south of the Ouachita 
geosyncline lay a land mass, Llanoria. During the many incursions 
of Paleozoic seas, the geosyntlines were the first and most frequently 
flooded areas, and from them shallow seas spread out over the in- 
terior of the continent. It should be remembered that although 
marine waters have spread widely over the land areas many times— 
in the Ordovkian, for example, over 50 per tent of the North Ameri- 
can continent was flooded— the seas were shallow, probably never 
more than several hundred feet deep. The shoal depths are shown 
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by shallow-water features such as ripple marks, cross-bedding, and 
mud cracks preserved in sediments, and also by the nature of the 
fossils found so abundantly in Paleozoic rocks of many places. 

One feature of Paleozoic gec^aphy which deserves particular 
mention is the vast extent of coal swamps of the Pennsylvanian. Evi- 
dently much of the continent stood very close to sea level, and great 
lowland swamps spread widely through the Appalachian geosynclinal 
area and in the central states. The rank, luxurious, swamp vegeta- 
tion formed thick layers of peat which subsequently has changed to 
coal. Slight oscillations of sea level gave rise to alternating swamp 
and marine or continental environments. As a result, Pennsylvanian 
coal beds alternate with other types of sediments. 

Not until the end of the Ordovician was there any Paleozoic 
mountain making in North America and then only a localized de- 
velopment of mountain folding occurred in the Maritime Provinces 
and New England, accompanied by some volcanic activity. In Maine 
and the maritime provinces thick lava flows and volcanic ash and 
breccia beds mark violent Silurian volcanism. In middle Devonian 
time, a major period of orogeny, or mountain making, occurred in 
the eastern part of the continent. This was accompanied by both 
extrusive and intrusive volcanism. In Mississippian time, mountain- 
making disturbances began in the Ouachita geosyni line, initiating 
what is called the Appalachian Revolution which culminated in 
the Permian and blotted out forever the Ouachita and Appalachian 
geosynclines. This geological revolution gave rise to mountain 
chains which follovH^d the geosynclinal zones of weakness. Presum- 
ably the mountains’, were much grander than those that occupy the 
same positions todiy. The mountain folding and faulting of the 
Appalachian Revolution was accompanied by large-scale intrusion. 
The continent was uplifted broadly and organisms that had been ac- 
customed to the lowland marine and relatively warm climates of the 
Paleozoic had either to adapt themselves to the new times or become 
extinct. Many groups failed to meet the crisis successfully. During 
much of the Paleozoic, because the lands were low and seas wide- 
spread, climatic conditions were prevailingly mild and genial with- 
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out marked latitudinal zoning, and probably without great seasonal 
differences. That there were some times of aridity interspersed, how- 
ever, is shown by thick salt beds. These are evaporation products 
which represent a Dead Sea condition. With increasing altitude, 
colder climates resulted and, in North America, at least local glacia- 
tion took place in the Permian. In other parts of the world, Pcimian 
glaciation was widespread. Africa south of the equator was virtually 
covered with ice; and parts of Argentina and Brazil, India, and Aus- 
tralia were glaciated at the same time. 

In Ordovician and later Paleozoic sediments, where deformation 
and metamorphism have not been profound, oil and gas have been 
discovered at many places. Although coal is known in minor 
amounts in rocks as old as the Devonian, it is from sediments of 
Pennsylvanian age that the most important quantities of commercial 
coal are mined in the United States. Salt beds (Kcur in Silurian 
rocks of New York and Michigan; salt, gypsum, and potash in the 
Permian beds in the West and Southwest; and lead and zinc in the 
Cambrian and Mississippian beds of the Middle West. 

Th€ Mesozoic. The Appalachian Revolution left North America 
broadly elevated with respect to sea level. The western Cordilleian 
geosyncline was drained but only locally deformed. After a pro- 
longed period of erosion, seas again invaded the continent. In the 
western part of North America, a series of elongate embayments 
developed from which seas spread over vast areas of the continent, 
particularly in Cretaceous time. To the east, the geosyncline along 
the axis of the present Rocky Mountains has been termed the Rocky 
Mountain geosyncline. To the west, inside the Pacific border, there 
developed another geosynclinal zone of sedimentation. Not until the 
Cretaceous, however, was there marine invasion of the eastern states, 
and then only by sea$ which crept inland from the Atlantic over the 
submerged oidland of Appalachia, south of Long Island. The Gulf 
states were also encroached by the Cretaceous seas. 

In the Triassic period a peculiar series of elongate fault troughs 
was formed along the eastern seaboard, which extended discontinu- 
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ously from the Bay of Fundy to the Carolinas. In the Connecticut 
valley trough, an estimated thickness of 10,000 p 13,000 feet of 
bedrock called the Newark series was deposited under land condi- 
tions. Along the troughs, also, lava flows are associated with the sedi- 
ments and many basic dikes in the eastern section are thought to be 
of Triassic age. In the western part of the country, the great coast 
range batholith, which extends up the Canadian coast 1100 miles 
northward from the state of Washington, was intruded in the Juras- 
sic or Cretaceous. The Sierra Nevada batholith of California and the 
Lower California batholith were also intruded in the Jurassic or 
Cretaceous. These intrusions of Mesozoic times are the greatest since 
Precambrian. Extensive volcanism was widespread •’Iso. 

Mild climates prevailed throughout most of the Mesozoic. Dis- 
tribution of cold-blooded reptiles and of tropical or subtropical types 
of plants demonstrates the geniality of Mesozoic climate even in high 
latitude. Red sandstones of eolian deposition in Utah and Arizona 
and gypsum de|x>sits of the Rocky Mountain states (Triassic) indi- 
cate at least lot al aridity. 

The “trap” rocks of Triassic age have furnished much good road 
metal and concrete aggregate in the eastern states, and the red Trias- 
sic sandstone (“brownstone”) has been extensively used for building. 
Associated with the great igneous activity of Mesozoic time in Cali- 
fornia, rich gold veins were formed, as for exampU those of the 
famous# Mother Lode district. In the (iulf and Rocky Mountain 
States, oil and gas are obtained from the rocks of Cretaceous age, 
and low-grade coal deposits of the same age occur in gieat abundance 
in the western interior states, western Canada, and Alaska. 

The Mesozoic era was brought to a close by marked diastrophism 
and volcanism during which the Andes and Rocky Mountains were 
folded. This great diastrophism is termed the Laramide Revolution. 

The Cenozoic. The profound physical changes bringing the 
Mesozoic era to an end caused environmental changes which resulted 
in a wholesale extinction of many organic groups. With these physi- 
cal changes, the continents began to take on more modern aspect, and 
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North America acquired essentially its present size and shape. The 
great interior seaways of Paleozoic and Mesozoic time had disap 
peared, and the marine invasions were confined to the coastal areas. 
The Rocky Mountains of the Laramide Revolution were peneplaned, 
just as the Appalachian Mountains had been during the Mesozoic. 
Broad uplifts following the peneplanation and subsequent erosion 
have given modern form to both the Appalachian and Rocky Moun- 
tains. The moist warm climates which had prevailed through so 
much of the previous history grew progressively though intermit- 
tently cooler, and finally an Ice Age resulted. The extent of this 
late Cenozoic or Pleistocene glaciation is shown in Fig 13-.^. The 
Pleistocene epoch of glaciation consisted of a complicated series of 
advances and retreats of the ice. At least four major advances sepa- 
rated by interglacial ages of milder climates have been distinguished 
The duration of the Pleistocene ice epoch was on the order of a 
million years. With more than 5 million square miles of the earth’s 
surface still glaciated, however, we have not fully emerged from the 
Ice Age. The continental ice sheet disappeared from the United 
States between 10,000 and 15,000 years ago. 

During the Cenozoic, North America has been intermittently 
uplifted and eroded. Late in the Tertiary, uplifts of the Sierra 
Nevada Range and the folding and faulting of the Coast Range of 
California mark what has been called the Cascadtan Revolution. 
This revolution is still in progress. All through the Cenozoic, volcan- 
ism has been very active along the western part of the continent. 

From rocks of the Cenozoic age nearly half of the world's oil 
supply is obtained. Low-grade coal deposits are found in New 
Mexico, Wyoming, Colorado, and Montana. Phosphate deposits are 
worked in Florida, and deposits of the metals such as gold, copper, 
silver, lead, zinc, and mercury are found associated with Cenozoic 
igneous intrusions of western North America. 

From the preceding brief account of the physical changes under- 
gone by the earth, it may be seen that the earth’s surface is not static 
but is subject to continual changes. Measured in terms of human 
history, the changes are slight. Over the span of years embraced in 
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F«.. 13-3. Map of Nouh \mciica slunung the 

Pleistocene glaciation. Note the "driftless area of Mi«ons.n. 


even a single geological period, however, vast changes have taken 
place. Between the Precambrian and Pleistocene epochs of refrigera- 
tion, other ice ages have occurred. Glacial climates, however, lave 
been exceptional, and during much of geologic time the climate o 
the earth was certainly more uniform and warmer than at present. 
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Although the earth has undoubtedly been losing heat by radiation, 
there seems to have been a compensating internal source of heat. Of 
the climatic record it can be said that within geologic times, at least, 
there has not been a progressive tooling. The erosional processes at 
present are lowering the continents at an average rate of one foot in 
five to six thousand years. Similar erosional processes have leveled 
mountain ranges and worn the lands low through many erosion cycles 
of the past. It is at once evident' that were it not for internal energy 
finding expression in diastrophism and vokanism which offsets the 
effects of denudation, the land areas long ago would have been re- 
duced approximately, if not entirely, to sea level. What the sources 
of internal energy may be the geologist is not yet in position to state. 
Perhaps the most reasonable explanation that can be offered at the 
present time is radioactive generation of heat. At any rate, the form 
of the continents was apparently blocked out very early in the Pre- 
cambrian and in spite of the many cncioat hments of shallow seas, the 
continents themselves have been persistently positive. Deep-sea sedi- 
ments are virtually unknown above the oceanic level, and there is 
but little evidence of any major tiansformation of continental areas 
into deep-sea zones. This is another way of stating that the conti- 
nental masses and CKcanic segments, with only minor exceptions, have 
been differentiated throughout the geologic record. 

Life 

The life record of the earth, as shown by the study of fossils, has 
given a remarkably clear picture of the interrelationships and evo- 
lution of the various animal and plant groups. The fossil record of 
the Cenozoic era is very full and rather complete. As older and older 
formations are studied, fewer and simpler types prevail. In the 
course of evolution, as in the growth of a tree, many branches have 
been produced. The history of all the higher organisms indicates a 
backward convergence toward the simpler types, but the connections 
as yet have not all been established. As already mentioned, the traces 
of organisms in rocks older than the Cambrian are exceedingly scant. 
Since, however, representatives of all the phyla except the unicellular 
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types and vertebrates are found in Cambrian rocks, it becomes cer- 
tain that life was initiated early in the Precambrian. Table 13.2 gives 
a synoptic view of the more important invertebrate phyla. 

The origin of life is an unsolved mystery, and it is extremely 
doubtful if the paleontologist will ever discover its solution. It is 
very probable, however, that the first organisms were of the simplest 
type, i.e., unicellular structures. At what time in the Precambrian 
these simple forms originated there is no way of telling, but it must 
have been very early. Once the unicellular organisms developed, 
the next step in evolution was for groups of these simple types to 
remain aggregated rather than separating. Probably the next phy- 
lum to develop was that of the Porifera (sponges), which are essen- 
tially colonies of individual cells which maintain their own identity, 
but show soii’c degree of interdependence and cell differentiation. 
Again the date of origin of this phylum is uncertain. There is some 
doubtful paleontological evidence that this group had originated 
before the Proterozoic. In general, fossils of this phylum are poorly 
preserved. 

The next forward step in evolution after colonial habit had been 
achieved was the development of forms showing a more marked 
division of labor among the component cells, and in particular the 
development of a digestive cavity. This phylum, the Coelenterata, 
includes a number of forms, the best known of which are corals. 
Presumably, representatives of this phylum had evolved in Precam- 
brian time, but were soft-bodied and hence not preserved as fossils. 
The oldest fossil representatives of the coelentcrates known are 
Hydrozoa found in rcKks of Lower Cambrian age. Fossil corals have 
been discovered in the rcKks of all pericxis since the Upper Cam- 
brian. Coral reefs are well preserved in some Paleozoic limestones. 
Rather curious members of this phylum, graptolites, have been 
found to be very useful because of their widespread distribution and 
because most of the species had a restricted time range. Their recog- 
nition therefore permits a close dating of the formation containing 
them. Graptolites were extinct by the beginning of the Carbon- 
iferous. 
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2. Insccta Grasshoppers bees, Mississippian- Six-legged air breaching, body divided into head, thorax. 

ants present and abdomen Skin hardened by chitin. 

3. Arachnida Spiders, scorpions. Cambnan— Body of 2 distinct parts cephalothorax and abdomen Six 

horseshoe crabs present pairs of appendages on cephalothorax. 
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The next major evolutional y advance, which may also have been 
made in the Prccambrian, was the development of a body cavity with 
the digestive tratt within it. What the eailiest representative of 
such a form was we do not know from the fossil record, but follow- 
ing this improvement tame the rise of all the highei phyla. Cam- 
brian rocks have yielded fossil mollusks, biachiopods, cchinoderms, 
arthropods, and worms, all of which possess such a body cavity. Repre- 
sentative fossils of the various phyla so far mentioned are shown in 
Fig. 13-4. 

One of the real missing links in the evolutionary chain is the 
connection between the backboncless forms mentioned in the pre- 
ceding discussion and the veitcbrates. At just what tune and under 
what circumstances a backbone developed is unknown, and vaiious 
invertebrate ancestors have been hypothec ated for the vertebrates 
The woims, the arthropods, and the echinoderms have all been 
suggested as possible anccstois The earliest forms which appear to 
be closely related to vertebrates are the oshacodetms whith had no 
internal skeleton but had exteinal bony plates covering the fore part 
of the body, with a fish like rear end. These have been found in 
Ordovician rotks and wcie antestial to the true fish. 

By Devonian time, fish had become numerous and the Devonian 
is often called the age of fishes. One group of the Devonian fishes 
had paired fins with segmented supports whith svere arranged in a 
manner similar to the bone structure of the vertebiate leg. This 
group of fishes, crossopteiyginns, is thought to have been antestial 
to the amphibians. The air sac or swim bladder was modified into a 
lung. Indeed, there ate thiee modern speties of lung fish capable 
of breathing, one m Afiita, one in .South America, and one in Aus- 
tralia. The modihtation of the tiossopteiygian fins into legs and 
swim bladder into king evidently took plate in the Devonian. The 
first amphibian is represented only by a footprint. Fig. 1.3-5, left on 
a mud flat of upper Devonian age. This partial emergence of the 
vertebrates was an important evolutionary event: it is at least inter- 
esting therefore to inquire into the urge for land life. Raymond’s 
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comments on possible causes for emergence are pertinent.* Enemies 
in the water may have driven the crossopterygians to seek refuge on 
the land. They were, however, the largest and most formidable 
carnivores of their time Food on the lands may have tempted them, 
but they could scarcely have been conscious of its existence and in 
any event they were carnivorous The need for oxygen may have 
been another cause uhich impelled them to seek a new mode of life 
As Raymond suggests ^ “. . . fish inhabiting the constantly changing 



Fic IS 5 T/itno|w-fosMl footpnnt of the earliest tetrapod^ (Devonian) Natural ini 
trint on the right, plaster east on the left (Courtesy of Carl O Dunbar Yale Peaboily 
Museum) 


waters of an alluvial fan would doubtless be routed from their 
homes by sudden changes in channel, to be left flopping about in 
shallow water as streams spread over a flat Those best able to travel 
by means of fins might win their way to deeper pools A premitmi 
was placed on activity, the weak and unlucky were weeded out The 
instinct for overland migration to other and fresher waters may eaily 
have been developed under such precarious conditions of life.” 

During the Mississippian and Pennsylvanian, amphibians pros- 
pered and multiplied in numbers and species With minor struc- 
tural changes and the development of a type of egg which could be 
laid on land, the amphibians gave rise to reptiles The liberation of 

‘ Raymond, P £ , Prehistoric Life, Harvard University Press, Cambridge, 1939, pp 
101 103 

•Jbtd,p 102 





282 


GEOLOGY FOR ENGINEERS 


this group from the necessity of returning to water to lay their eggs 
occurred some time in the Carboniferous. The reptiles were able 
to survive the Appalachian Revolution and one branch of the group 
became dominant creatures of the Mesozoic era, the terrible lizards, 
or dinosaurs. The dinosaurs differentiated into a great many species, 
some of which were small forms, no larger than a cat or dog, others 
reached the gigantic proportions so commonly associated with the 
term dinosaur. Perhaps the most ferocious animal species ever to 
walk on the earth was Tyrannosaurus rex (Fig. 13-6), who lived in 
the Cretaceous. He reached a length of nearly 48 feet, walked on his 
hind legs, and stood 19 feet high His head, which was appioxi 
mately 4 feet long by 3 feet high and nearly 3 feet wide, was pro 
vided with a battery of sharp, curved teeth fiom 3 to 6 inches long 
He was further armed with great claws 6 to 8 inches long However 
interesting and spectacular the dinosaiiis were, they luvertluless 
traveled a dead-end route and were extinct before the beginning 
of the Cenozoic. Other Mesozoic reptiles took to the air (Fig 13 7;, 
and still others occupied the seas (Fig. 13-8). 
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The reptiles of the Mesozoic achieved two notable successes, 
however; they gave rise to the birds and mammals. The earliest 
known bird, Archaeopteryx, demonstrates its piimitive character by 
its tootii-bearing jaws and its segmented tail The earliest mammals 
also had reptilian characteristics and habits and were rather insig- 
nificant members of the animal community in which they found 
themselves. The oldest mammals apparently originated in the Tii- 
assic. With the elevation of the continents during the Laramule 
Revolution, and the increasing rigor of climate, the cold-blooded 
reptiles experienced a terrible setback, and the hitherto humble 
mammals of small size and brain experienced a period of rapid evo- 
lution and prosperity. The primates, of which man and his cousins 

the lemur, monkey, gibbon, and 
apes are modern represent a 
tives, piobably originated in the 
Cictaceous, for ptimatc fossils 
have been found on all the con 
tinents except Australia, in 
rocks of the curliest Ceno/oic 
Because of their habits, how- 
ever, they have left a rather 
scanty fossil record. Man (Fig 
13-9) himself appeared on the 
scene quite late in the Cenozoir 
His thief distinguishing charac- 
teristic was his proportionately 
large brain. As far as the fossil 
record shows, no undoubted hu- 
man remains date back beyond 
the Ice Age. Artifacts, however, 
indicate a sofnewhat earlier 
man. Compared with the span 
of time during which other 
groups have held sway in the 
geologic past, man is just at the threshold of his earthly career. He 




Fig. lS-9. Fithecanthfopiu erectus, 
(American Museum of Naluml History, 
New York) 
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is involved in an evolutionary stru^le to achieve racial sanity and a 
truly human status, however, and may destroy himself in the struggle. 
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CHAPTER XIV 


GEOLOGIC MAPS 


M any engineering projects are preceded by geo- 
logical investigation, the reports of whicli im st be read and 
undeistood by engineers in order to take advantage of the infoiina- 
tion discovered. One essential part of a geologual report is the map. 
Whether the engineer himself will be called upon to prepare such 
geologual reports and maps or not, ability to digest and interpret 
them is an essential part of an engineer’s geological training. For 
problems of engineering that require or ire assisted by geological 
information— tunneling, uatcr-siipply, sanitary systems, bridge and 
dam formations, reservoir basin studies, erosion controls, sources of 
(onstriution materials, building sites, and many others— geological 
maps and sections supply essential data To make best use of geo- 
logual maps, the engineer should be able to read from the map what 
IS ic.isonably reitain and svhat is surmise on the part of the map 
maker He should be able, also, to construct geologic sections in any 
desired directions, and to determine from the map and sections cer- 
tain quantitative lithologic and structural data. The following dis- 
cussion of geologic maps attempts to answer three fundamental ques- 
tions; What is shosvn? How is it shown? and Hosv can the maps be 
used? 


Tipes of Geoiogic Maps 

Four types of geologic maps include those most generally used. 
These are (1) surficial maps, (2) outciop maps, (3) areal maps, and 
(4) structuial maps. 
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SurficuU Maps. Surficial geological maps show the character and 
distribution of the various types of surficial materials. Agricultural 
soils maps are really a form of surficial geological maps, but at the 
hand of the agriculturally trained soils surveyors so many Icxral soils 
types and series have been established that requisite engineering 
data are difficult to read from most of the agricultural soils maps, 
and geological data aie moie or less obscured. Anyone concerned 
with the engitieeiing aspects of soils, however, should acquaint him- 
self with the agricultural soils maps and with methods by which 
those maps are constructed. CJeoIogic suificial maps that differentiate 
the types of suiface material accoiding to geological categories, as 
stream gravels, stream alluvium, glacial-marine clays, glacial gravels, 
and the like, ate the most usetul in engineering work, for from them 
distribution, areal extent, and chaiacteristics of many deposits can 
be inferred. Within the glac iated regions, these surficial maps aie 
of especial interest to the engineer. Suificial maps are particularly 
useful aids in the search for construction materials, and in guiding 
certain other types of engineering work, for example, drainage and 
water supply studies, airport and highway fixations, and other 
similar endeavors, llecause of local variations in composition, thick- 
ness, and distributions’ Vhich may not appear on maps of relatively 
small scale, observational checks, test pits, borings, and soundings 
should be made in the field to supjilement these maps. Fig. 14-1 
shows a portion of a surfic ial geology map. 

Outcrop Maps. An outcrop map shows the areas where ledge, 
or bedrock, is exposed. The rexk types are differentiated, and struc- 
tural data are usually indicated on the map. Because many out- 
crops are of small extent, outcrop maps must be of moderate or large 
scale. It is always convenient in using a map to know where the 
bedrcxrk exposures tan be found. For engineering use in particular, 
outcrop maps arc valuable. An example of use is the location of 
road metal: if a certain quartzite is known to outcrop at specific 
Icxalities, much time and effort can be saved in choosing a suitable 
quarry site by going directly to the outcrop areas, guided by the 
outcrop map. 
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Areal Maps, \ical geologic maps (area maps) arc plan views of 
tiu gtology They show both the obseived distribution of geologic 
units oi ioimations mapped and also the inferred distnbution be- 
neath the soil and ve'gctation covci as if the latter were swept en- 
tnely away In senne aicas, because of complex structinc and few 
e^xposiiies, extrapolation of observed boundaiies of rock types is 
hole bettci than guesswork In other areas, the distribution of con- 
Kaleel lormations may be closely infcired by study of soils, topog- 
raphy, vegetation, and by the stiuetuial ret|uirements On maps of 
•*rgc or moderate scale, the advantages of both outciop maps and 
areal maps may be combined by indicating the outciop areas, or 



290 


GEOLOGY FOR ENGINEERS 

aURFICIAL 




aCMSTOK OR CONTOPnnCO 9CHI9T ** MAROIX * SUATC 

OMBIOaOlO gNAMITB 



QUARTSlTR 


I0NEOU8 AND VEIN MATTER 



OflANrrC MaOOIVC. lONeOOO PORPHYRITIC rock OAOALTtC n.OtfV8 

ROCK 


Fic. 14-2. Conventional lithologic symbols. (U. S. Geological Survey) 
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places where outcrops are especially numerous, by differences in the 
sliade of color or weight of pattern. Recent colored maps of the 
Canadian Cieological Survey have used this device to good advantage. 

The differentiation of materials mapped can be shown by several 
methods. The two most commonly used devices are patterns and 
colors. Usage in patterns varies, but the standard or conventional 
symliols used in geologic sections by the U. S. Geological Survey are 
also adapted to plan and are used on many black and white maps. 
These conventional .symbols are shown in Fig. 14-2. It will be noted 
that, in general, the symbols for sedimentary rock types consist of 
dots or straight lines; for metamorphic rocks, wavy lines; and for 
igneous rcx'ks, checks, crosses, or rhombic patterns. So far as practica- 
ble, it is desiiable to depict the structural trends of the rock units 
by the arrangement of the map symbols, as illustrated in Fig. 14-3. 


Fi( 113 Poiiion of a geologic map. 


LEO£NO 



Such an arrangement shows at a glance the broad outlines of struc- 
ture. 

On the maps of the U. S. Geological Survey and of many other 
organizations, colors are used to represent the geologic periods. Sym- 
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bols (letters) are also used to designate the ages The peiiods ai 
ranged in order of increasing age fioni the top down, wiih the 
ron\entional symbols, aie shown in Table 14 1. 

Table 14 1. Convlmionai Agl Symbois for Ari'Al 
Geolcx*ic Maps 


Period 

Symbol 

Pleistocene and lecent 

Q 

Terti iry 

T 

Cretaceous 

K 

Juiassic 

J 

Triassic 


Permian 

P 

Carbonileious 

C 

Devonian 

D 

Silurian 

S 

Ordovician 

o 

Cambiian 


Algonkian 

A 

Archaean 

IK 


Overprints of patterns represent the individual rock units of iinp 
ping, which are called foimaftons A loiination consists csscntiallv 
or predominantly of orie type of rock or of more or less unifoimly 
varying or alternating rock types. Formations may be composed 
of several mernbeis, but the formation itself is essentially a lithologic 
unit. Formations aie generally given Icxal names from the locality 
of best exposure On maps, the period symbols ol Table 1 1 1 arc 
combined with lowercase letters denoting the paiticular iormaiion, 
thus: Dol, D for Devonian, o for Onondaga the name of a widely 
outcropping Devonian limestone, and / for limestone The legend 
of the map gives a key to the colors or patterns ol the loimations 
depicted, and it states their lithology The legend, incidentally, 
also shows the historical sequence of formations, for they are ai 
ranged in the legend in age sequence with the oldest formation at the 
bottom. 

Structural Maps. Many areal geology maps include structiiial 
symbols superposed on the patterns or colors representing the lith- 
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g>gdimenrfory Qedft 

Bed» - &+nke. ond dip 


Sed« ~ vertical 


Bedd - hoi^ixon-hal 
&ec(s» - over+u.med 
Axis of fold - Horizontal 
Axis of fold « inclined 
Axial plane, .vertical 
AkioJ plane — dippinc| 

Axial plane . vertical .with pluncp of oxis 
Plow Structures 

Plow in porphyritic iqneoue rocks 
Flow cleavaqe or foliotion dippirvq 
^ -4** Plow cleovaqe - vertical 


Linear striocturc 


Procturee 


Pauilts 

PauLlt- Inferred 


Joint - vertical 


Joint « dippinq 
Joint - horizontal 
Fracture oleo vaqe — ve r t Icol 
Fracture cleovoqe — dtpptnq 


Fig. M 4 Con\ciuioiial stiiiiiiii d symbols 
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ologic units. Where the structure is simple and there are but few 
structural observations recorded, this combination is helpful for 
quick comprehension of the geology. In complicated areas, however, 
or where a wealth of structural detail has been accumulated, separate 
structural maps are more satisfactory. This is particularly desirable 
if the rock units are represented by symbols in black and white. A 
variety of methods are used in representing geological structure on 
maps. The two most commonly employed are structural symbols 
and structural contours. 



Fic. 14-5. Geolcigical map showing structure by 
symbols. 




GEOLOGIC MAPS 


295 


Structural Symbols. Individual field observations are plotted onto 
the map. The more complex the structure of the region mapped, 
the greater the number of observations necessary to delineate struc- 
ture. It is frequently helpful to draw laige symbols on the map that 
generalize the individual observations. Although there is no stand- 
ard or universally used system of structural symbols, those shown in 
Fig. 14-4 are used by many geologists, with various modifications 
according to the individual preferences. Because this type of symbol 
is not standardized but varies according to convenience and taste, 
every structural map carries an appiopnate legend indicating the 
usage. Fig. 14-5 shows a structural map using symbols. Note that, 
whereas the strike or trend of the mapped structures is plotted onto 
the map by protractor in correct azimuth, the inclination values 
must be indicated by figures. If the inclination values are omitted. 
It is impossiole to construct accurate cross sections from the map. 

Structural Contours. In regions where deformation is not too 
great and sufficient data are at hand, structuie is often portrayed by 
means of structural contours drawn on the top or bottom of some 



Fig. 14-6. Geological structure shown by structural contours. 


bed, a specific “horizon,” recognizable in the field or from available 
drill records. Fig. 14-6 illustrates a dont*' shown by structural con- 
tours. Petroleum geologists in particular have made effective use 
of stiuctural contour maps. 
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Use of Geologic Maps 

When a student asks. What’s the use of a transit? two types of 
answer can be given. One answer might list specific applications, 
for example property surveys, highway surveys, map-making, con- 
struction control, and so on. A second answer takes a considerable 
part of the usual semester course in surveying, and explains the use 
of that instrument in measuring horizontal and vertical angles, and 
in determining elevations and distances. It is in this sense of use 
rather than application that the following brief discussion answers 
the question. What's the use of a geologic map? 

From well-constructed and accurate geological maps, certain 
structural inferences, geological sections, block models, and three- 
dimensional diagrams can be made for which many diverse applica- 
tions are found in engineering practice. If the geologic map is on a 
contoured base the range of inference is increased and certain quan- 
titative values can be established. Topographic-geologic maps arc 
accordingly more useful than the uncontoured maps. Two inter- 
related lines of map evidence serve as the basis of geologic map inter- 
pretation. These are (1) the topographic-geologic relationships and 
(2) the areal distribution patterns. From these two approaches, struc- 
tural attitudes, sequence of strata, thickness of beds, and preseiuc 
of structural discordances can qualitatively or quantitatively be 
worked out. Formation boundaries not exposed in the field often 
can be geometrically located thus completing an otherwise unfin- 
ished map and extending its usefulness. 

Contour-Contact Relations. If both geologic and topographic 
mapping are good, much can be learned from the study of the map. 
In the following discussion two basic assumptions are made. First, 
it is assumed that within a limited part of the map the geologic 
features studied are plane surfaces, bedding planes, fault planes, or 
the margins of igneous masses. This assumption is not fully justified, 
as no one of the features is a mathematical plane. Over short dis- 
tances, however, the (tinsidercd surfaces approximate planes, and 
little error is introduced if good judgment is exercised in making 
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the assumption. Inasmuch as these geologic surfaces are not true 
planes, the map priints taken for reference should be closely spaced 
and not chosen from widely distant paits ol the map. 1 he second 
assumption made in this type of map study is that the map is correct, 
and the ccmtour lines represent the intersection of ecpially spaced 
horizontarl planes with topography. If every point on a contour line 
were at the same elevation, as called for by definition of a contour, 
and if geological observations were correct and exactly located, the 
assumption would be perfectly true. Fc^r well-made maps, little error 
is introduced by this assumption. With these two assumptions, then, 
the geological prcrblems of dip, strike, and thicknesses reduce to the 
solution of geometrical plane relationships and plane intersections, 
familiar to every engineer through the medium of drafting-room 
practice. 

Strike. Strike is defined as the direction of the line of inter- 
section of a horizontal plane with the considered plane surface, i e., 
bedding plane, fault plane, dike wall, or other surface. The strike 
of a sedimentary bed, therefore, is the direction of a level line on 
tire bedding plane. On any inclined plane surface, horizontal lines 
tan be drawn spaced at etpial vertical intervals apart Piojectt^d to 
a horizontal plane (map), these lines are called strike lines. They 
depict strike and dip of the inclined plane, just as coniour lines on a 
topographic map depict dirccticm and slope of a valley wall or other 
topographic feature. If values are given to strike lines, as they are 
to the contour lines of topographic maps, with reference to elevation 
above or below sea level, they are called structural contours. Struc- 
tural contours are merely contour lines which represent some par- 
ticular geologic structure rather than ground suiface II the strike 
of the struc ture changes, as in folded beds for example, the striu tural 
contours are curved lines on the map; if the dip (slope) changes 
from place to place, the structural contours on the map are spaced 
either more closely together or farther apart according to whether 
the change in dip is an increase or decrease of inclination. 

The top or bottom contact of a sedimentary formation in a con- 
formable series is shown on geologic maps as a thin black line, which 
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is really the trace of a bedding plane on the topogiaphic surfate; 
likewise a iatilt is shown by a heavier map line, whidi is the tuue 
of the fault plane on the tojxigiaphic sin face. To deteiminc a level 
line (stiike) horn the trate ol an inclined plane, it is only necessary 
to fand two points ol the trace (contact, fault) at the same elevation. 
Where a contact line ciosses a topogiaphic contoui line, the eleva- 
tion at that point is established VV^here the scime contact ciosses the 
same contour line again, another point is located, and a line con- 
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necting these two points is a stiike line, as shown in Fig. 14-7. It 
should be lemcmbeied that the bame contact, either top o) bottom 
of the iormation, must be used A common student error is to deter- 
mine the elevation of a top contact of a foirnation at one place on 
the map, and of a bottom contact somewhere else, and connect the 
two. Favoiable places to find two points on a contact at the same 
elevation, i.e., crossing the same contour, are on opposite sides of 
a valley or hill. If the structure is uniform thioughout the map 
area, all strike dctei ruinations will be essentially parallel. 

On some maps, a contour line may not intersect a given contact 
at two places. In this instance it is possible to determine the strike 
from any three points of known elevation on a contact. Three points 
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where contours cross a formation boundary give three points of 
known (but diffeient) elevation. These aie connected to form a 
triangle. If the dip is uniform, the line connecting the highest and 
lowest corners of the triangle has a luuloiin slope, and somewhere 
along it is a point at the same elevation as the intei mediate corner 
of a triangle. This is the point sought, and it can be found either 



by propioition or giaphically. A giaphital solution is shown in Fig. 
14-8. A line drawn through the two points of equal elevation is a 
level line, hence a stiike line. 

Another, and perhaps neater, solution of the stiike problem 
where no two points Of a boundary (contact) can be found at the 
same elevation on the map is shown by Fig. 14-9. The prcKcdure 
is as follows: construct a random cioss section in any direction, but 
such that the high or low {mhiu of the thicc chosen tails between the 
other two. The points aie piojected to the cross section. Next a 
lioii^ontal line is diawii on the cross section at any elevation that 
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will cut the triangle The points of intersection of the horizontal 
line and the triangle are then projctttd back to the plan, a line 
connecting them gives the sttike 

Dtp. For plane or near plane geological surfaces, neglecting 
overturn, there are three possible <asts of dip (1) the structure is 
horuontal (no dip), (2) the structure is veitical, dip 90°. and (3) the 




Fig 14 10 Relation of liouiutanc!, ol lu II II Rclition of liouiidanis of 
horizontal bcil^ to luntoiirs \trtical lietU to contours 

Structure is inclined at some angle intermediate between horizontal 
and vertical. 

Horizontal structures It is at once apparent, as shown in kig 
14-10, that a horizontal structure will intersect the surface parallel 
to the topographic contours Few geologic structures are absolutely 
and uniformly hoiizuntal plane surlaccs, and, further, contour lines 
as well as geologic boundaries aie largely sketched within the control 
limits Absolute parallelism, theicfoie, is not to be expected 

Veitual structuns H contacts or other structures are vertical 
the boundaries on the geologic map aie not deileetccl by topography 
This IS shown diagrammatieally in tig 14 11 
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Inclined structures. The next or intermediate case is that of 
inclined structures. Two possibilities exist here. Either the attitude 
(dip and strike, or trend and inclination) is uniform throughout the 
map area or it is not. If the dip and strike are uniform throughout a 
considerable area, that does not mean that the geologic boundaries 
will appear as straight lines on a contour base map. On the contrary, 
structural lines are geometrically determined by the topography, 
and, unless the dip is vertical or the topography plane, they are never 
straight. This is simply illustrated by Fig. 14-12 which shows a 



conical hill traversed by a thin sill of uniform trend and inclination 
'Mihin the area ot the map. The lower part of the figure shows a 
geological cross sec turn. It will be noted in the upper part of the 
diagram that the hill causes a deflection ot the contact lines of the 
s»dl, convex in a direction opposite to that of the dip of the^sill. 

The more steeply the considered structure is inclined, the more 
nearly straight the map lines which depict it; conversely, the gentler 
the angle of dip, the more nearly do the structure lines which show 
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It on the map coincide with the topographic contours In regions 
of low dip, the formations in detail show rharac tei istir contour- 
following tendency 0\ei a considciable area, howcvei, the btoader 
lelations may be seen, and a belted pattern becomes evident 

After the strike is determined, dip is readily solved A strike line 
IS drawn through the point of intersection of a geologic boundarv 
and a topographic contour It is a structural contour on the bedding 
plane at an elc\ation equal to that of the contour line whose inter 
section with the boundary dctci mined it, and as with topographic 
contours, every point on the stiikc line (striutmal (ontoiir) is at the 
same elevation Parallel to this strike line, another of known eleva 
tion is drawn through the inteiscction jxiint of another topogtaphic 
contour and the same contact The map distance (horizontal dis 
tance) between the two paiallel stnke lines can be scaled, which wuih 
the difference in clcsation between the two stnu tinal contours guts 
the tangent of the dip angle Or the dip can be solved graphically 



by drawing a right triangle to scale, with the horizontal leg equal to 
the horizontal distance betvsecn the strike lines, and the vertical leg 
equal to the difference in elevation between them 

After the strike has been determined, another very simple way 
to find the amount of dip is to construct a cross section at right 
angles to the strike and to project to it several points from one con- 
tact. The line connec ting these gives the dip which tan be measured 
with a protractor Remember in constructing stuictiiral cross sec 
tions that, unless the horizontal and vertical scales of the cross 
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sectton ate equal, dtps and thicknesses of beds shown on it are not 
true, but are exaggciated or diminished accoiding to whether the 
vertical stale is greater than or less than the honruntai stale 

It was noted in Fig 11-12 that a hill tauscs a delict tion of a 
contact— tonvex auay fiom the duet (ion of dip It will be noted 
on detail maps that the boundaries of plant oi near plant structures 
slum dellet turns in vallevs that give a V pattern Unless the valley 
gradient is steeper than the dip of the strut tuie in the same direttion, 
the V in the valley ptiints down dip, as shown in Fig 1113 Gentle 
dips give rise to long V’s, and tonveist ly shon V s inditatt steep dips 
There is, of tourse, no V il tht dip is vtrtital I he stale of the map, 
however, must be tonsithitd in judging tht hngth ol Vs for ex- 



O* Older beda 
Y ■ Younejer beds 

Fie. 11 14 Apparent deflection of fault tract in \dllty left rcveise fault, 

right, normal lault 

ample, on a map with a scale of 1/12.000 a bed dipping 4^” should 
have a V 0 1 inch long in a valley 100 feet deep On a scale of 
1/62,500, this would give a V appioxiniatcly 0 02 inih long, too 
short to leprcsent. 

Completion of Geologic Boundaries Field exposures are never 
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complete enough to permit the drawing of geologic boundaries 
without con&ideiable extiapolation. Tht extension of contacts based 
on Held evidence is briefly discussed in the chapter on field methods 
A geometiical analysis of the map frequently aids in completing the 
extrapolation of concealed formation boundaries of inclined beds 
or other geologic structures. The geometric requirements of to- 
pography and structural attitude also serve as a check on field infer- 
ence and help direct field traverses into the critic al zones. One of 
the methods for completion of the geologic map is illustrated in the 
following example. Fig. 14-15 shows a seties of exposures of sedi- 
mentary beds of approximately uniform strike and dip within the 
map area. In order to complete the map, formation boiindaiies 
must be diawn. The first step is to construct a cross section at tight 
angles to the strike of the beds with a vertical scale equal to the 
horizontal scale of the map. Distortion of dip and thickness ot 
the beds is avoided by using the same vertical as horizontal scale The 
next step is to project the geologic data from the map (plan view) 
to the cross section. These data are plotted on the elevations of tin 
cross section corresponding to those of the map The cross section is 
completed by drawing in the formation boundaries, as required by 
the distribution of the Several rock types on the cross section. This 
is illustrated on the cioss section of Fig. 14-15. With the foimation 
boundaries or contacts completed on the cross section, the next step 
is to project these contacts to the map. For example, wherevci the 
projection line from the intersection of the sandstonc-ovci lying lock 
boundary and the 50-foot elevation line on the cross section tuts the 
50 foot cbntour line on the map, a point on the contac t is established 
Moving up the dip, next, to the 60-foot elevation of the same contac t 
on the cross section, it will be noted that wherever this projection 
cuts the 60-foot contour line of the map. additional points on that 
boundaiy are established. Following the same procedure, other 
points on the contact are established on the map, and the line con- 
necting these map points is the most accurate geologic boundary 
between the sandstone and overlying rock that can be drawn from 
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the available data. The contact at the base of the sandstone is simi- 
larly established. 

Where the geology is more complicated, it may be necessary to 
use two or more cross sections in completing the geologic plan. If, 
for example, the course of a dipping dike was to be plotted from 
several observations onto the map of Fig. 14-15, it would be necessary 
to construct a cross section normal to the strike of the dike and then 
to project top and bottom contacts of the dike to the map. Cross 
sections normal to each of two series of unconformable beds of dif- 
ferent structural attitude would be necessary to complete the areal 
map of such an area, and other complications could be cited. 

Thickness of Beds. The thickness (Fig. 14-16) of a dike, sill, or 
sedimentary bed can be approximated from geologic -topographic 
maps. If the beds are horizontal or vertical, thicknesses are taken 
directly from the map. For inclined beds, calculation is necessaiy 

Horizontal beds and sills have contact lines parallel to the 
topographic contours, as already pointed out. By interpolation be- 
tween the contours, therefore, reasonably close values are obtained 
for thickness. Large-scale maps with small contour intervals give the 
most accurate results. 

The thickness of a* vertical bed or dike ran be determined by 
scaling the map distance perpendicularly from one contact to the 
other. Caution is needed, however, in this determination on maps 
of moderate and small scale. For example, because of economic 
or geologic significance, some beds and dikes are shown on maps 
of a 1/62,500 scale which actually are too thin to show on that scale 
map. From the map some might be estimated to be 40, 50, or 100 
feet thick, whereas they actually may be but 5, 10, or 15 feet thick. 
Because all distances shosvn on maps arc horizontal distances, the 
thickness of an inclined bed may be calculated by measuring the 
extent of the bed perpendicular to the strike and multiplying by 
the sine of the dip angle. The true thickness (/) is thus: 

/ = width of bed-sin(dip angle) (see Fig. 14-16) 

These determinations are no more accurate than the map measure- 
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Fic. 14 16 1 he true thickness of beds 


ments necessary for their solution. The quickest and most direct 
solution is graphical. A geologic cross section at right angles to the 
strike is constructed with horizontal and vertical scales equal; the 
thickness of the bed is then scaled from the cross section Inasmuch 
as field measurements are commonly slope distances, thicknesses may 
be calculated from field data as also shown on Fig. 14-16. 

It is worth while to emphasize an apparently simple point here, 
but one that is frequently overlooked. The width of exposure of a 
tabular-shaped body of rock depends on three factors: the angle of 
dip of the rocks, the topographic slope and its direction, and the 
thickness of the tabular body of rock. Either in ignorance of this 
.principle or forgetful of it, some have opened up quarries on “huge 
bodies" or “mountains” of the rock, which on development prove 
to be thin sheets, dipping nearly parallel to the topographic surface. 

Lithologic DUtrWution Patterns. Much structural information 
is shown by map (or field) distribution of rock formations. The 
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details of lithologir distribution patterns are due to the effects of 
topography, as has been shown. However, on level or near level 
surfaces, structure determines the formation patterns, and in regions 
of topographic diversity, the broader features of rock type distribu- 
tion are structurally controlled. From these regional patterns of 
rock type distribution, therefore, horizontal or low-dipping beds, 
folds, faults, and unconformities can be recognized. 

Horizontal Rocks. The boundaries of horizontal beds or those 
of low dips, as has already been pointed out, follow the contouis. 
The regional pattern of formation boundaries, therefore, is dendniic 
or tree-like, and the trends of geologic boundaries simulate topo- 
graphic contours. Such a dendritic pattern is shown in Figs. 14-17 



\ 





Fic H-17. Geologic map of horiiontal bedi ihowing dendritic outcrop pattern. 


and 14-18. Even though both contour and drainage lines are omitted 
from the map, if the area is stream dissected, the dendritic distribu- 
tion pattern is strikingly apparent. On broad, gently inclined plains. 
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horizontal or low-dipping beds appear as belto or bands. Examples of 
the belted pattern are shown on the small-scale geologic maps of the 
Gulf and Atlantic coasul plains of the United Sutes. 



Fig 14 18 Aerial photograph showing horizontal beds. The view shows rJierty 
limestones, clay shale, and some sandstone. The cherty beds, comparatively resistant, 
foim the narrow white bands that mark the outcrop The easily weathered shale as- 
sumes low slopes and appears as broad dark bands (Ck>urtesy of U. S. Dept. Commerce. 
Civil Aeronautics Administration) 

Folds. Rocks composing eroded folds outcrop in belts or bands. 
Thus because of the folding and erosion, the same formation may 
appear on the geologic map as separate belts or bands. If two belts 
representing two limbs of a fold are parallel, the fold axis is hori- 
zontal; if they converge, the fold axis is inclined. If the structure 
is an eroded anticline, the plunge is in the direction of the con- 
vergence of the limbs. If it is an eroded syncline, the plunge is in 
the direction of divergence of the limbs. In other words, plunging 
anticlines close in the direction of plunge, whereas plunging syn- 
• dines open in that direction. If the relative ages of the beds are 
shown in the map legend, anticlines and synclines can be distin- 
guished by the relative position of the older beds. If the older beds 
outcrop inside the younger ones, i.e., towards the center of the fold, 
the structure is anticlinal. If the younger beds outcrop inside the 
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bands of older rock, the structure is synclinal. Figure 14-19 illus- 
trates this principle. In tlie same figure the use of the outcrop V’s 
in the stream valleys leads to the same structural conclusion. 



In symmetrical folds, the dip of the opposing limbs is the same; 
in asymnjetrical folds, 'one limb dips more steeply than the other. 
If the dip determinations can be made, therefore, the symmetry (an 
be found. If the topography is quite level, a marked variation in 
width of outcrop frequently indicates a change of dip, hence asym- 
metry of folding. 

An aid in interpreting geologic maps is to turn the map so that 
the observer looks in the direction of plunge (down dip). In this 
position the plan map may be read directly as a cross section; anti- 
clines, syndincs, and stratigraphic succession thus become imme- 
diately apparent. 

Faults, Well-established faults are shown on geologic maps by 
continuous lines. Broken lines of the same weight show where the 
fault is extrapolated or less securely established. The dip and strike 
of fault surfaces can be estimated by the methods already described, 
i.e„ by a consideration of the deflection of the fault trace with respect 
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to valleys and hills. If the direction of dip can be determined from 
the map, the type of fault, normal or reverse, can be inferred. If the 
fault surface dips beneath the older of the adjacent beds, the fault is 
probably of the reverse type. If the fault surface dips beneath the 
younger beds, it is probably a normal fault. 

If strata normally present in a rock sequence have been elimi- 
nated or duplicated by faulting, as shown on a geologic map, it is 
possible in some cases to estimate the fault displacement. If the 
involved beds are horizontal, the vertical displacement (throw) in 
a normal fault cannot be less than the thickness of eliminated beds, 
and the maximum throw would be the thickness of the eliminated 
beds plus nearly the thicknesses of the two formations brought into 
juxtaposition by the faulting. If the beds and fault were uniformly 
int lined, trigonometric solutions would be readily apparent. How- 
ever, in many faulted areas the beds are disturbed, the attitude of 
the fault changes from place to plate, and further, the amount of 
displacement in the direction of strike and up and down dip varies. 
On many maps, therefore, it is impossible to deteimine the amounts 
of displacements caused by faulting. Faidts are seldom exposed con- 
tinuously over long distances in the field. Too frequently the fault 
zone is topographically low, without bedrock exposures: hence the 
trace of the fault as shown on the map may be only approximately 
correct. 

Unconfoimttie^. Unconformities can be recognized on geological 
maps by noting the succession and distribution of beds, by structuial 
discordances, overlap, or truncation of dikes, faults or other struc- 
tures. 

If the unconformity is between essentially horizontal beds, two 
formations normally separated by other sediments are shown in con- 
tact. For example, if a Devonian formation overlies directly a Cam- 
brian formation, unconformity is the probable explanation. The 
normal sequence of formations in the map area is shown in the map 
legend. 

If the unconformity is angular, the cliffcicnce in structure is 
readily apparent in the lithologic patleins on the map. The trans- 
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gression of a fbnnation across other formation boundaries, i e , if 
several formations are crossed by a younger formation which con- 
ceals or covets them, unconformity is probable. In the same way, 
if a number of dikes are cut off at a foimation boundary, it is prob- 
able that the formation truncating them is unronformable. Low- 
angle faults may give patterns similar to those of unconformity. As 
a result of faulting, older formations usually tiuncatc younger rocks, 
whereas if the explanation is unconformity, younger beds truncate 
older rocks and structures. 

Ge(^ogk Sections. It is frequently necessary or desirable for 
engineering purposes to construct cross sections from a geologual 
map to show the underground conditions along certain routes or 
lines. For choosing tunnel routes or dam sites, for mining excavation, 
and for many other pm poses, geologic cross sections are indispensa- 
ble. Because rock exposures are not everywhere found along the 
desired line of section, and because in areas of deformed rock the 
geologic map and sections constructed fiom it may be locally in 
error or subject to doubt, it is frequently necessaiy to check the 



Fib. 14 20. Determinalion of apparent dip 
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inferences by drilling. Interpretation of the map and sections, how- 
ever, minimizes the necessary exploration by drill and directs atten- 
tion to those localities where boring will secure the most useful and 
most necessary supplementary information. 

The construction of geologic cross sections normal to the strike 
of the rock has already been described and needs no elaboration. 
True dips can be plotted only on sections which are at right angles 
to the strike because, by definition, the dip of a geological structure 
is the measure of the maximum inclination of the structure and 
hence is in a direction normal to the strike. Oblique sections, how- 
ever, are more frequently demanded than are normal cross sections, 
and the apparent dip of the structure in the direction of the oblique 
section must be established before it can be plotted. There are a 
number of solutions for this pioblcm, familiar to students of descrip- 
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Fic. 14-21. Plane-table survey of exposures along highway route. (Courtesy of 

Better Roads) 
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tive geometry. One of the simplest and most direct solutions, how- 
ever, <s illustrated in the following example: A vertical-sided road 
cut is to be made in a N 45° W direction through beds which strike 
north and dip 35° easterly. What will be the slope (apparent dip) 
of the beds on the cut? Fig. 14-20 illustrates the solution. A cross 
section is drawn at right angles to the strike, showing the true dip 
of the beds. At a scaled distance of 100 feet (or any convenient 
distance) a strike line is drawn parallel to the strike of the beds. 
This is a structural contour, the depth value of which can be scaled 
from the diagram (x in Fig. 14-20). Anywhere on the structural 
contour the bed is x feet below the surface. From a to b, therefore, 
along the line of the cut, the bed drops x feet. The angle whose 

tangent is ^ consequently is the desired angle of slope. The 

problem is easily reversed, i.e., given the strike and the apparent 
dip in a certain direction, true dip is readily found. 



Fk. 14-22. Structural contour map of datum-plane stratum. (Courtesy of Better Hoads) 
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Example of Maps and Sections Used in Engineering Practice. 
The use ot geologic ina|» and sections in engineering practice is 
well illustrated by the aecompanying figures, which were piepaicd 
by the Kansas State Highway Commission as a part of a preliminary 
road survey (Figs 14-21, 14-22, 14-23, and 14 24) “First, a plane- 
table survey is made of the exposed outcrops (Fig. 14 21) The most 
desirable member of the outcropping formations is chosen as a datum 
or control plane Second, the plane table survey of the exposed out- 
crops is converted into a stiuctural contour map of the stratum 
chosen as the datum plane (Fig 14-22) Third, from a compilation 
of the geologic sections of the sedimentaiy rcxks in the Icx-ality of 
the survey, a profile is projected along the c c nter line J the project, 
using the contour lines of the datum plane as contiol elevations 
(lig 14 21) Sedimentary foiinations au generally found to be 
fairly unitoim within the limits of any one project Sounding tools 



M 2S Profllc llong center line of piojcct (Courtess of lUlUr Roads) 
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are used to exploie the mantle covering and check on the projei tion 
The resulting profile shows the underlying geology at each station 
along the centerline. The underlying geology is also shosvn at light 



Fk 14 2i Cioss section shoeing underlying gcolog) ((oiiiccs\ of Betttr Rofuh) 


angles to the profile on each cross section taken by the road survey 
party (Fig 14-24).*' ' 
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CHAPTER XV 


THE ATMOSPHERE 


T he atmosphere is a turbulent gaseous envelope that 
surrounds the solid earth. On the average each person breathes 
thirty to forty pounds of air per day. By its agency weather is pro- 
duced and, like the poor, weather is always with us. Weather not 
only constitutes a topic of conversation, but is also of vital importance 
in the execution of many types of engineering project. Many a con- 
struction job has been delayed by adverse weather, and certain con- 
struction activity may be undei taken, ad\isedly, only at certain 
seasons or in favorable weather. 

Engineering attention has been focused on winds by the failure 
of bridges under wind load and by the recent necessity of designing 
tall towers (radio towers up to 2000 feet tall). With these tall struc- 
tures wind loads must be carried by guys and stiffening members 
supported by adequate foundations. 

Climate, the total of weather averages over a long period, is a 
fundamental influence on engineering piactice and design. The 
mention of frost to a mid-latitude engineer may well connote heave, 
and correlated problems come at once to mind. Diurnal and season 
ranges of temperature govern expansion-contraction allowances ac- 
cording to the structural materials employed. The extremes that 
hiust be anticipated are of higher concern than the means. 

The Weather Elements 

Weather is the summation of local atmospheric conditions at 
®ny particular time. Weather varies from time to time and from 
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place to place on the face of the earth, and the primary elements ol 
variation— the weather elements— are temperature, winds and aii 
pressure, humidity, and precipitation. 

Temperature, The sun is the only important source of heat foi 
tj^e earth's surfoce. Insolation, energy received from the sun, varic< 
with the angle of incidence of the rays and the duration of sunshine 
during the 24-hour period. If there were no disturbing factors, the 
gradation of temperature would be uniform from the equator to the 
poles: stated differently, the temperature would be uniform alon^ 
any parallel of latitude. That this is not tiue is well illustrated b) 
comparing the mild temperatures of the British Isles between lati 
tudes 50° and 55° with those of the bleak coasts of Newfoundland 
and Labrador in the same latitudes. 

The atmosphere is warmed by the heat returned to it from the 
earth; little is absorbed directly from solar radiation. Land area« 
both absorb and radiate heat more rapidly than do water bodies 
Hence, the lands heat more quickly and to higher temperatures and 
cool more rapidly and to lower temperatures than do adjacent waters 
The air covering the two types of surface shares the effect of the 
contrasting specific heats of land and water. ATr, however, is moie 
or less constantly jn motion, and the modifying effects of seas and 
lands are carried leeward. Land areas to the leeward of large sea< 
or lakes (e.g. the British Isles) thus have a more equable distribution 
of temperature than do lands not so situated (e.g. Labrador). Tht 
extremes of temperature experienced in the interiors of large land 
masses are similarly explained. The invasion of middle latitude! 
by huge.tropical and polar air masses also greatly modifies the tern 
peratures of the invaded regions. These air mass movements arc 
discnissed in the sections dealing with storms and with weather maps 

The highest temperatures of the day are ordinarily observed in 
mid-aftemoon rather than at noon when the sun is highest. The 
explanation of this temperature lag is that heat input (insolation) 
although at a maximum at noon, exceeds heat loss (radiation) until 
mid-aftemoon. The earth, consequently, is still heating after the 
period of highest sun. An analogous explanaticm holds for the an 
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nual distribution of temperature; the extremes commonly follow 
the solstices rather than coinciding with them. 

Vertical gradients of temperature are as familiar as horizontal 
gradients. The air near the earth's surface not only receives more 
heat by earth radiation than the upper air, but also absorbs more, 
because it is denser, dirtier, and more moist than the upper air. 
Air temperatures, therefore, are ordinarily higher near the surface 
than above. The normal vertical gradient is about F. per 
thousand feet. Because rising air expands with the reduction of 
pressure, it cools. Conversely, sinking air, compressed, warms. If 
through heat loss the ground becomes colder than the overlying 
air, a stable, colder, and denser air layer beneath a warmer upper 
layer may form. The condition, called temperature inversion, is 
favored by the long, calm and clear nights of winter. The tempering 
effects cf :»Ititiide are strikingly shown by the live glaciers of high 
mountains within the tropics. The elevated plateau of central 
Mexico, which has a delightfully temperate climate altogether in 
contrast with the steaming climates of adjacent lowlands, gives an- 
other example of the effect of altitude. 

Because cold air is denser and heavier than warm air, it tends 
to settle into valleys and depressions. Trewartha^ records, “On one 
occasion, during a cold spell, a temperature of —8.9 was registered 
on top of Mount Washington, N. H., while recoids of —23 to —31® 
were recorded in the surrounding lowlands." The downslope move- 
ment of cold air is called air drainage. Because of air drainage, 
lowlands rather than uplands are subject to the earliest frosts of 
autumn and the latest frosts of spring. A cloudy or humid atmos- 
phere serves to blanket the earth, reducing radiation. Frosts are 
much more likely, therefore, when the skies are cloudless than when 
cloudy. In deserts, where clouds seldom inhibit radiation, day tem- 
peratures of over 100® may change to night temperatures below 
freezing. 

The American Gas Assoc iation has developed a system of regional 
and local temperature evaluation that is useful in a variety of engi- 

'Trewanha, C. T., An Inifoduciion to Clttnalc, 1954. 
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neering applications. The basis of this system is the foct most people 
find it desirable to heat a building when the average daily tempera- 
ture drops below 65® F. for any length of time; therefore, 65® F. 
is the base temperature in figuring degree-days. Degree-days are 
the number of degrees that the mean temperature for a 24-hour day 
differs from 65® F. The mean temperature of a day is the average 
of the highest and the lowest reading for the 24 hours. Thus: the 
highest temperature recorded for September 30 might be 75°, the 
lowest 33®F. 'I'he mean temperature would be 54® or 11 degree-days 
(65 — 54 = 1 1). Inasmuch as each building uses an approximately 
constant amount of energy for heating or cooling per degree-day, 
the system gives a basis of comparison for fuel consumption studies 
For example: during a certain period, a plant consumes an extraor- 
dinary amount of fuel; the degree to which the unusual consump- 
tion is related to outside temperatures will be shown by degree-day 
analysis. The use of the system also permits rational design of heat- 
ing and cemling units. The normal annual degree-day differences 
within the United States are shown in Fig. 15-1, and degree-day data 
are compiled for monthly release by the United States Weather 
Bureau. Monthly "normal” degree-day maps serve* as guides for 
regional fuel requirements and for the allotment of shipments and 
storage. Other services and distributions dependent on temperature, 
also, may be rationally planned by reference to the degree-day sys- 
tem. 

Air Pressure and Winds. A wind is an essentially horizontal air 
current, the direction and velocity of which are basically determined 
by differences in air pressure. There is thus a fundamental relation 
between winds and the distribution of surface temperatures. Where 
the earth’s surfoce is highly heated, the air warmed by radiation 
becomes less dense and rises. The area is one of low barometric 
pressure. Conversely, if air is cooled at the surface, it becomes 
denser; barometric pressure rises, and air settles downward. The 
seasonally reversed winds of eastern Asia, called monsoons, well 
exemplify these effects. During the winter months the land mass 
rcx>ls and a great high-pressure area of cold settling air develops, with 
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From Trewartha, An IntioducUun to Weathei and Clin ite, reproduced h\ courtesy of McGrau HilJ 

Rook Companv, Inc. 
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its center over the Gobi Desert. From this high-pressure center, air 
flows outward-the winter monsoon. During the summer months, 
conditions are reversed: low barometric pressure with light and 
lining air leplates the winter high. Cooler air from the ocean moves 
111 to leplate ail forced upward. The indtaft is the summer mon- 
soon. 

Pldurtaty IViuds. On an earth-wide scale, a system of prevailing 
Aviinls called tlic planetary wind system can be distinguished, as 
illiisiiatcd by the map of Fig. 15-2. The piincipal controls of the 
planetary winds are the distribution ol barometric pressure and the 


ize 





S26 


GEOLOGY FOR ENGINEERS 


sense of right and left deflection, face in the same direction that 
the body moves.) The curved arrows of Fig. 15-4 show the idealized 
planetary wind system, as affected by earth rotation. It will be noted 
that the winds blowing equatorward from the subtropical highs are 
deflected into northeast and southeast winds (winds are named by 

Polar Highs 90®-80® 

Subpolar lows 55®'65® 

Subtropical Highs S0®-40® 

Fquatorial Low 5®-5* 


Fic. 15 4 Diagrammatic repre- 
sentation of the planetaiv wind sys 
tern as related to the baiomctric 
pre&surc zones 

the direction from which they blow) called trade winds. The winds 
blowing poleward from the subtropical highs are deflected into 
westerlies, and the winds moving equatorward from the polar highs 
are deflected into easterlies. 

The explanation of' the pressure belts involves both insolation 
and earth rotation. The equatorial low is the zone of maximum 
heat reception. The air currents are predominantly upward, and the 
belt is one of calms, the doldrums. As the equatorial air rises, it 
spreads out, moving poleward. Deflected in accordance with Ferrel's 
law, a barrier is piled up against poleward movement. This barrier 
is passed by a part of the poleward-moving air, but some of it. 
relatively cool and dense, settles, forming the subecjuatorial highs. In 
the settling zone, surface currents are light and variable, the horse 
latitudes. The subpolar lows appear to be either the result of a 
centrifugal lift caused by air spiraling towards the poles or by the 
forcing aloft of air warmed by the release of latent heat at the junc- 
tion of westerlies and polai easterlies. The polai highs are the result 
of low surface temperatures over Greenland, the Arctic Ocean, and 
Antarctica. 








~M 






THE ATMOSPHERE 


S27 


The inclination of the earth's axis causes the annual shift of 
vertical sun rays between 231^° north latitude and south 

latitude: hence, the heat equator, the pressure belts, and the wind 
belts shift seasonally. For this reason, an area of the northern hemi- 
sphere that is in the southerly margin of the west-wind belt in the 
wintertime may be in the trade-wind belt when the sun makes its 
apparent journey northward in the summer. Over the seas, the 
latitudinal shifts of the wind belts is on the order of 10°; on the 
continents, although not so clearly marked, it may be considerably 
more. 

There are many reasons why the diagrammatic planetary wind 
system shown in Fig. 15-4 falls short of reality. The distribution 
of lands and seas with their differential heating and cooling, the 
piesence of mountain barriers and oceanic currents, and the phe- 
uouiena of storms all cause departures from the idealized scheme. 
In spite of departuie from perfection, the planetary wind system is 
well developed as shosvn in the map of prevailing winds (Fig. 15-2), 

Local Wtmh. Regional departures from the planetary wind sys- 
tem--the monsoons— have already been mentioned for eastern Asia. 
The subcontinent of India, also, has a strongly developed monsoonal 
system, independent of that of eastern .^sia: and other continents— 
notably Australia and North America— have similar though less 
pronounced monsoonal regimes. 

Similar in cause to the monsoons are the land and sea breezes 
prevalent along many shorelines. During the day, bnd may become 
enough warmer than adjacent water that in the afternoon a sea 
breeze may set in which blows on shore until eaily evening. The 
sea breeze seldom penetrates inland more than 10 miles, and ordi- 
narily its effect is felt over a narrower coastal zone. During the night 
the land cools more than the adjacent water so that an outblowing 
land breeze may develop, which commonly begins sometime after 
midnight and usually persists until the early morning hours. Moun- 
tain and valley breezes, like the land and sea breezes, are diurnal 
results of differential heating atid cooling of adjacent areas. Moun- 
tain slopes, inclined so that they are more nearly perpendicular to 
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the sun’s rays than adjacent flat lands, heat during the day to highci 
temperatures. Updrafts of warm air ascend the slopes, oft(‘n giving 
rise to late-aftemoon mountain showers. In the evening, mountain 
slopes lose heat more rapidly by radiation than do the adjat ent low- 
lands, and cool breezes move downslope. Air drainage tends to 
follow the valleys, and the cool breezes are, therefore, concentrated 
in the valleys. 

Another type of local wind is associated with mountain and 
plain. If a low-pressure area (cyclone) draws air over a mountain 
barrier, it frequently descends the leeward slopes as a relatively 
warm, dry wind called a foehn or chtnook. The warmth gained by 
compression during the descent may be supplemented by latent heat 
released during condensation induced by the ascent of the windwaid 
slopes. Chinook winds are most frequent in the winter months 
Along the eastern base of the Rocky Mountains from Colorado to 
northern Canada, the chinook is a common occurrence. In these 
regions an overnight rise of temperature due to the chinook often 
amounts to 40° or 50°. 

Local changes in wind direction and velocity are associated with 
storms. Especially is this true in the prevailing-svesterly wind belts 
of the middle latitude^ Because storms account for much of the 
variability of weather in the westerly wind belts and are of im- 
portance, also, in other regions, they are treated separately in a 
subsequent section of this chapter. 

Humidity and Condensation. Humtdtty, used as a weather term, 
refers to water vapor in the air. If the water vapor is condensed, a 
variety of physical states result Of these, ram, hail, and snoiv fall 
more or less rapidly through the air and hence are forms of precipi- 
tation. The other forms of atmospheric condensation are clouds, 
fog, dew, and frost. Both water vapor and its condensation types 
are weather elements of first-rank importance. 

Humidity. Relative humidity expresses the percentage of mois- 
ture saturation of the air. The percentage of saturation varies with 
temperature. For example: a cubic foot of air at 0° F. can hold a 
thousandth of an ounce of water vapor; the relative humidity is 
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100 per cent. At a temperature of 80® F., a cubic foot of air can 
liold an absolute amount of twenty-two hundredths of an ounce of 
water vapor. With that amount, it is 100 per cent saturated. If at 
the same temperature (80® F.) an absolute amount of eleven hun- 
dredths of an ounce of water vapor is present, the relative humidity 
is 50 per cent. From the illustrations given, it can be seen that 
relative humidity drops with a rise in temperature; correspondingly, 
relative humidity rises with a drop in temperature. Condensation 
takes place when the temperature drops to the degree at which rela- 
tive humidity rises to 100 per cent. That temperature is called the 
deui point; it varies according to the absolute amount of water vapor 
present. 

Relative humidity affects human comfort and efficiency. To- 
|»ethcr with al*- circulation, it determines the sensible or effective 
umperatures. If relative humidity is low, evaporation, a heat ab- 
sorbing process, readily takes place; if relative humidity is high, 
evaporation is inhibited. Thus, the effective or felt temperatures 
vary with the relative humidity. Wet and dry bulb thermometer 
readings can be translated into effective temperature degrees by 
means of the chart shown in Fig. 15-5. The point of intersection 
of a straight line between the svet and dry bulb readings and the 
proper effective temperature curre gives the effective temperature. 
The effective temperature curves vary for different pecjple, and they 
differ for one individual according to activity. The curves presented 
arc probably sal id for many people moderately active indoors. En- 
gineers engaged in the operation of deep mines or construction in 
rigorous climates, for example desert, jungle, or polar regions, can 
make use of effective temperature determinations in caring for the 
welfare of their people and in gauging the productivity of labor or 
the progress of work. Efficient and therefore economical operation of 
industrial air-conditioning units is geared to effective temperature. 
It is stated that in Washington, D. C., many government offices are 
closed when the effective temperature reaches 84®. 

Condensation. The change from water vapor to liquid or solid 
form is called condensation. As already explained, condensation 
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about hygroscopic particles in air suspension takes place when the 
temperature drops to the dew point at which relative humidity is 
100 per cent. If the temperature of condensation is below freezing, 
water vapor, without going through a liquid state, crystallizes di- 



Fig. 15-5. Effective cemperatiirc chart (U S Weather Bureau) 

rectly into frost or snow. Condensation at or near the ground level 
forms frost, dew, and fog. Condensation aloft forms clouds and 
precipitation. The principal source of atmospheric water vapor is 
the seas. Winds distribute the water vapor, and condensation returns 
it to the surface of the earth. Much of the part that falls on land 
IS eventually returned to the seas. This circulation of water, the 
hydrologic cycle, is illustrated by Fig. 16*1. 

Deal and Frost. Dew is condensed water vapor in liquid form, 
adhering to the surfaces on which it condensed. Frost is condensed 
water vapor in the form of ice crystals adhering to the surfaces on 
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which the sublimation took place. (The engineer will note that frost 
is also used in a somewhat different sense, referring to frozen soil 
moisture.) If the temperature of condensation is below freezing, 
frost forms. The surfaces on which condensation takes place are 
cooled by radiation; consequently, any inhibition of radiation tends 
to prevent condensation. Active air circulation rapidly distributes 
the air which comes in contact with cool surfaces and also tends to 
prevent condensation. Cool nights when the air is both clear and 
calm, therefore, are favorable for the formation of frost or dew. 

Fogs and Clouds. Fogs and clouds are composed of condensed 
water vapor in particles small enough to remain in susp>ensioD. 

Fog dissipation measures for airfields are still in the exp>erimental 
stages. To reduce relative humidity, both heating measures and 
hygroscopic sprays have been tried. Civil airfields have not yet 
adopted either method. 

Clouds are formed principally by adiabatic cooling of rising air. 
Air expands as it rises because less weight is acting to compress it. 
Expansion without heat addition lowers the temperature— hence, 
clouds. Clouds are also formed to a limited extent by mixing air 
currents. 

Fortunately, cloud classification has been standardized, and the 
International System is used by meteorologists the world over. 
Standard symbols representing the cloud types are also internation- 
ally used. The following cl.issification (International System) and 
abbreviated definitions are taken from a weather map published by 
the United States Weather Bureau. 

INTERNATIONAL CLOUD CLASSIFICATION 

In the International System there are ten principal kinds of 
cloutls. Their names, classification and mean heights are shown in 
the following table. The mean heights are for temperate latitudes 
and refer not to sea level but to the general level of land in the 
region. There is nearly always some variation from the mean height, 
anti in certain cases there may be large departures. Thus, cirrus 
clouds may sometimes be observetl as low as 10,000 feet in tempjerate 
regions and at lower levels in higher latitudes. 
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FAMILY a: high CLOUDS 

(Mean lower level, 20,000 feet) 

1. Citrus 

2. Cirrocumulus 

3. Cirrostiatus 

FAMILY B: MIDDLF CLOl’DS 

(Mean upper level 20,000 feet; 
mean lower level, 6500 feet) 

4. Altocumulus 

5- Altostratus 

FAMILY c: low CLOUDS 
(Mean upper le\el 6500 feel, mean 
low'er le\el, dose io sin face) 

6 Slratocuniulus 

7 Stiatus 

8. Nimbostratus 

FAMILY D: clouds WITH VfcRlICAI DIVIlOPMFNr 
(Mean upper level, that of citrus, 
mean lower level, 1600 feet) 

9. Cumulus 

' 10 Cumulonimbus 

All precipitation comes from clouds; and although cooling of 
moisture-bearing air explains all precipitation, it is convenient to 
recognize four rainfall types: convectional, orogenic, monsoonal, and 
cyclonic. 

Convectional Rain. Convectional rains are those caused by the 
expansion and cooling of rising convectional air currents. By mid 
or late afternoon in the doldrum belt, radiation from the heated 
surfaces gives rise to convectional updrafts of humid air. The ex- 
pansion and cooling o£ these upeurrents result in the convectional 
showers of the humid tropics that take place with alii|ost clock-like 
regularity nearly every afternoon. Convectional lains are sun gener- 
ated and controlled. They are “high sun*' rains In the summer 
months of the mid-latitudes, the common late afteinoon or evening 




Fir. 15 6 Basic clouds at average altitude levels. 
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showers are convectional. In the hot spells convectional turbulence 
often generates thunder and lightning which accompany the shower. 

Orogenic Rain. Where mountain barriers lie athwart the pre- 
vailing winds, moist air is forced aloft, and orogenic rains result from 
the cooling. Orogenic rain is most abundant where the wind has 
had a long passage over water and thus has been afforded opportun- 
ity to gather moisture. Mountainous windward coasts, therefore, 
are sites of especially heavy orogenic rains. Leeward of the moun- 
tains, semiarid conditions are common because not only is the rela- 
tive humidity of the air decreased by the compressional warming 
of its descent, but also its absolute humidity is decreased by the 
amount of moistuie precipitated on the windward slopes. The 
northwestern coast of the United States, where the Cascade and 
Olympic mountains rise precipitously across the path of the prevail- 
ing westerlies, gives an excellent example of a well-drenched wind- 
ward coast succeeded inland by a moisture-defi< ient leeward 
“rain shadow” zone. Similar orogenic rains fall in the trade-wind 
belt. It may be remaiked, however, that the trade winds, except 
where they impinge on elevated coasts, are drying winds because 
their trend is from cooler to warmer latitudes; they are headed from 
the subtropical highs towards the equatorial low-pressure belt. 
Within the trade-wind zones, therefore, drought is prevalent The 
trade-wind belt is the principal desert belt; the Arabian and Sahara, 
the Atacama, and the Kalihari are examples. The windward shores 
of elevated land masses, island or continent, within the trade-wind 
zones, however, are well watered. 

Monsoonal Rain. The seasonal winds of eastern Asia have been 
explained as a result of the difference in specific heats of water and 
land. During the summer months, when the monsoon is blowing 
from sea to land, moisture-bearing air is brought inland; cooled by 
ascent, it gives rise’ to monsoonal rains. Where monsoonal winds 
meet mountainous terrain before they have lost their moisture, as 
for example in Burma and northeast India, some of the heaviest 
rainfalls on earth are recorded. At Akyab, Burma, the average an- 
nual rainfall is some 203 inches. 
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Cyclonic Rain. Cyclones are huge warm air masses of low pres- 
sure which travel irregularly from west to east in the west-wind belts. 
Because cyclones are made up of warm and rising air, they often 
bring rain. Much of the precipitation on the United States is associ- 
ated with cyclones. Cyclonic rain is discussed in the following sec- 
tion on storms. 


Air Masses and Storms 

The idealized planetary wind system is modified by the move- 
ments of huge air masses. In the belts of the prevailing westerlies, 
the movements of warm, low-pressure air masses and cold, high- 
pressure air masses are of prime climatic significance. The volume 
of air of these air masses is enormous; in many, the weight of air 
moved may be on the order of a hundred billion tons. Air masses 
develop where air movement is light, giving opportunity for the 
air to take on temperature characteristics of the area. The polar 
regions and the warm subtropical regions margining the trade winds 
are the principal sources of air masses. The air masses are named, 
according to their source, as Polar or Tropical and qualified ac- 
cording to whether they formed over continent or sea: as, continental 
Polar (cP) or maritime Tiopical (mT). After they have formed, 
the air masses eventually move as giant density flows; the tropical 
air masses move polew’ard, the polar masses move southward, and 
both become somewhat modified as they travel. In common with 
other types of density flows, the air masses involved maintain their 
individuality and character to a surprising degree. Where one air 
mass meets another of differing character there is slight mixing; 
the temperatures and pressures change rather abruptly at the junc- 
tion producing a discontinuity along quite definite fronts. Frontal 
zones, or fronts, consequently are the locus of weather changes. The 
position of the principal air-mass fronts, both tropical and polar, is 
variable in position. In the North Amei ican winter, the polar front 
frequently reaches the Gulf of Mexico; in summer its average posi- 
tion lies somewhat south of Hudson Bay. 

Storms. Almost any short sequence of the United States Weather 
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Bureau’s Daily Weather Map shows barometric lows and highs. The 
areas inclosed by isobars (lines of equal barometric pressure) are 
commonly oval or elongate. The barometric lows are called cy- 
clones; the highs are called anticyclones. In addition to the cyclones, 
storms of local intensity are significant. Examples arc the loinado, 
hurricane, and thunder storm. 

Cyclones. Although the term cyclone is populaily associated with 
winds of violence, actually the expression refcis only to a moving 
low-pressure air mass of huge proportions. The passage of a cyclone 
in middle latitudes is usually to be noted by the cloudy or rainy 
weather, rise in temperature, and wind shifts as^iated. 

The cyclonic storm consists of two fronts, an advance warm tiont 
and a rear cold front. Usually, the warm front o\ errides the cold an 
it overtakes as shown in Fig. 15-7. The warm front aloft thus passes 



over a surface point before it reaches the point at ground level. 
As the warm front advances, skies become cloudy, and often rain 
falls steadily, sometimes for hours. With the passage of the warm 
front and the approach of the center of the cyclone, broken clouds 
and even blue sky may appear. The following cold front is often 
marked by the bank of clouds clearly approaching along a definite 
line. Frequently, as shown in Fig. 15-7, the cold air thrusts under the 
warm air it is overtaking, and forces the warm air aloft where con- 
densation, often with precipitation, follows. Because the cold front 
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is a more narrowly defined zone of discontinuity, it was called the 
“wind shift" or “squall line" long before Ironts were known or recog- 
nized. Antit 7 clones are similarly explained as interaction of air 
masses along the polar front. Bulges of polar air or detached polar 
air masses (highs) make the anticyclones. 

Although both the direction and rate of travel are irregular, the 
cyclones and anticyclones of the mid-latitudes move in general from 
west to east. These storm types are more strongly defined and travel 
more rapidly in winter than in summer. In summer, the average 
progress is between 400 and 500 miles per day; in winter, between 
600 and 700 miles per day. It is because of the general west to east 
piogress of storms in the mid-latitudes that the weather conditions 
of areas to the west of a place are of more significance in weather 
prediction than are the weather conditions to the east. 

Tornadoes. Tornadoes, often called “twisters,” are the most 
violently destructive stoims knosvn. These storms are of small size, 
with an average diameter of 1000 to 1500 feet. The average length 
of path tornadoes travel is betsveen 10 and 40 miles; a few, however, 
aie known to have traveled as far as 300 miles. Tornadoes advance 
at an average rate of 25 to 40 miles per hour, but the horizontal 
air velocity within the storm may be as much as 500 miles per hour. 
The central and southern plains states, just east of the Rocky Moun- 
tains, are the areas where tornadoes arc most frequent. Tornadoes 
are most common between the hours of three and six o’clock in the 
afternoons of spring and early summer. Characteristically, a funnel- 
shaped c loud marks the t enter of the disturbance; rain and hail arc 
frequent accompaniments. The origin of tornadoes is obscure. They 
!»rc related to the s(|uall lines of V shaped lows. 

Hurricanes. 'Hurricanes, sometimes called tiol?ical cyclones or 
typhoons, are small intense lows of tropical origin. The hurricane 
is essentially a Ikrge whirlwind of high velocity. Commonly, the 
diameter is on the order of 50 miles, i he diameter of the area of 
hurricane-force winds, however, exceptionally may be as great as 250 
miles. 

Hurricanes that affect the United States originate in the West 
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Indies and advance northward at an average rate of 10 to 25 miles 
per hour, commonly along a parabolic path which carries them off- 
shore up the Atlantic Seaboard (see Fig. 15-8). Frequently, however. 



Fig. 15-8. Gommoa path of tropical hurricanes up the Atlantic 
seaboard (U. $. Weather Bureau) 


they reach the Gulf or Atlantic coastal areas, where wind-generated 
waves and associated heavy rainfall often cause more damage than 
the hurricane winds themselves. In the five-year period 1941-1945, 
hurricane property damage is estimated by the U. S. Weather Bureau 
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at a total o£ $296,924,100 for the United States, with loss of life 
placed at 107. 

Thunderstorms. Thunderstorms are local disturbances caused 
by vigorous ascent of warm moist air. The violence of the updraft 
is often attested by the writhing clouds associated. Hig^ surface 
temperatures that result in convectional instability are a cause of 
thunderstorms. Entrapment or shoving aloft of warm moist air 
along an advancing cold front also are causes. The disruption of 
falling raindrops builds up electrical charges in different parts of 
the associated clouds, the discharge of which is lightning. Thunder 
is the result of the violent expansion of air caused by passage of the 
hot electrical current through it. Typically, heat thundershowers 
are late-aftemoon, summer storms. The frontal thundershowers may 
occur at any season, but are more common in the warm months. 
They may arrive at any hour of the day. The release of latent heat 
of condensation maintains the storms. 

Geologic Work of Wind 

Wind is simply air with a horizontal component of motion. 
The velocity of wind currents varies from nothing in an absolute 
calm to as much as 272 miles per hour, the maximum recorded 
velocity (Mt. Washington, N. H.). The vertical velocity gradient is 
generally steep. The lowest wind velocities are close to the ground 
because of the retarding effect of surface irregularities, brush, trees, 
and other obstructions. Because the lowest velocities are close to 
the giound, the wind is at a disadvantage in acquiring a sediment 
load. Tending to offset this, however, is the irregularity of currents 
near the ground, which increases the erosive effectiveness of the 
wind. 

Winds pick up sediment charges from a variety of sources. The 
flood plains of streams contribute much, as do the regions of sea- 
sonal or perennial dryness where vegetation is sparse or absent; and 
mountain areas above the tree line also contribute a limited amount. 
The explosive eruption of volcanoes throws a large volume of frag- 
mental materials into the air. It is stated that volcanic dust thrown 
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into the air by the eruption of Krakatao, in the Dutch East Indies, 
had encircled the earth fiitecn days after the eruption. Following 
that explosion, the sunsets all over the earth were unusually brilliant 
for a period of three years, indicating that much of the volcanic dust 
stayed in suspension during that period. Man, also, through his 
various activities, makes direct contribution to the dust content of 
the air, as anyone who lives in the haze of an industrial town or 
who drives over a dirt road will agree. Indirectly, through unwise 
or injudicious land use, man has "accelerated" wind erosion. Al- 
though the geological work of winds in humid regions is relatively 
minor as compared with the work of running water, the total amount 
of solids carried by winds is large indeed. Udden^ long ago esti- 
mated that in the Mississippi Valley region alone, winds shift moie 
than 850 million tons of sediment an average distance of 1440 miles 
per year. Although the accuracy of the spetilic figure is doubthil, 
the volume of wind-shifted soil is undoubtedly huge. 

The engineer encounters wind deposits at vaiious places and is 
locally concerned with the control or retardation of wind erosion 
and transportation. The use of snow fences is a familiar example 
of engineering attempts to regulate wind deposition. 

Wind Erosion. Unless armed with solid particles wind erosion 
is minor. Where charged with solid pat titles, however, natural sand 
blasts are highly abrasive. Chepil’s* experiments on soil illustrate 
the point. Results of one of his series of experiments is shown in 
Table 15.1. It has been noted in deserts that the movement of sand 
grains in a sandstorm is principally within 6 feet of the surface and 
that by far the bulk of sand is transported within 3 feet of the 
ground. Dust particles, on the contrary, are elevated to greater 
heights, often seveial thousand feet. As the size of a particle dimin- 
ishes, its surface area relative to volume greatly increases. Thus, for 
a spherical grain ©f quartz, 0.03 mm. in diameter, suddenly pro- 
jected into an air stream of 33 itfiles per hour velocity, the force 

■ Udden, [ A , “Dust and Sandstottm in the West/' Pop Set. Monthly » Vol 
1896, pp G'i'i 664 

*Cliepjl, W S, *‘D>naiiiiCb of Wind Erosion/’ Sotl Science, Vol. 61, 1945, p 168 
et seq. 
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Table 15.1.* Erosion of Soil by Wind Without Sand and Ladi-n 

WITH Sand 


Soil Type 


Wind Velocity Amount of Soil Rcmoicd by Wind 



at 12'inch 
Height 

Without Sand f 

With Sand { 

Hatton fine sandy loam 

(m.p.h,) 

184 

22.0 

(gm/sq m) 

0 45 

0.61 

(gm/\q m/min) 
n 15 

1.^05 

Haverhill loam 

16S 

22.0 

0.97 

1.49 

7 r> 

11.19 

Cypress clay loam | 

157 

22.0 

b.oi 

0.21 

7 37 

11.60 

Fox Valley silty clay loam | 

198 

22.0 

018 

0.48 

2.71 

5.29 

Sceptre clay 

22.0 

0 ' 0.50 


• From Chepil. **Dynamics of Soil Frosion,** Sod Science, Vol. 61. 1W5. p. 169. 
I Amounts removed up to the time soil drifting ceased. 

I Rates of soil moveiiicnt after cessation of removal hy wind without sand. 


of air on it is five hundred times the weight of the sphere.^ Small 
particles therefore travel essentially with the wind and are deflected 
with the air stream about an obstruction. Collisions are less frequent 
than with the transport of large particles, and abrasive effects both 
on the particles and on obstructions is less. The erosional effect of 
wind consequently is concentrated at the base of an obstruction 
lising above the general surface of the ground. Undcitut telephone 
poles and basal abrasion of other objeds graphically illustrate the 
locus of abrasional effectiveness (Fig. 15-9). The lowering of a land 
surface by wind removal of solid particles is called deflation. Except 
where localized sand blasts are at work, however, the particles picked 
up and transported by the wind are those prepared for removal by 
chemical or mechanical weathering, which are parts of either the 
residual or transported regolith. 

The effect of winds on engineering works has been of particular 
concern in recent years. A velocity pressure (in pounds per scpiare 
foot) from gusts up to 100 miles per hour amounts to approximately 

^Bagiiold, R. A., The PhysUs of Blown Sand and Desert Dunes, Morrow; New 
York, 1941, p. 12. 
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26 pounds per square foot. The total uplift force on a flat-roofed 
building is approximately one and a half times the veloc ity pressure. 
Thus an anchorage of 40 pounds per square foot gives a fair margin 
of safety except under the most extreme conditions. A value of 30 



Fig 1 5 9 Wane! erosion (Courtesy 
of Pikes Peak Information Bureau) 


pounds per square foot has been used for anchorage of many flat- 
topped factory roofs. - 

The failure of bridges and the necessity of designing radio towers 
perhaps as much as 2000 feet tall in the near future make wind forces 
of especial interest to engineers.® For vei y tall structures like some of 
the modern towers, wind loads must be earned by guys and stiffening 
members. The anchorage of structures icquiies geological insight 
into the character of the bedtex k. 

Wind Deposits. Deposition of wind-boine sediment takes place 
where the velocity of a wind current chops below that required to 
maintain movement of the solid loads or where precipitation washes 
the air. Wind-trahspoited dust is universally distributed. Indeed, it 
has often been said that every square mile of the earth’s surface 
contains wind-blown particles derived from eveiy square mile of the 

‘Sherlock, R. H., “Variations of Wind Velocity and Gusts with Height,” Trans. 
Am. Soc. Ctvtl Etigr., Vol. 118, 1953, pp. 403 508. ‘ 
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lands. Mechanical transport by winds, as by streams, consists of 
tractional dragging or rolling of particles along the surface, suspen- 
sion, and salution. The coarse particles, sand size, which move along 
at or near the surface, locally accumulate into drifts called dunes; 
the fine particles, chiefly of silt size, which are carried in suspension 
form blanket-like deposits of loess. 

Dunes. Dunes are found near sources of sand available to wind 
transport. Behind many sandy shores, either marine or lake, elon- 
gate dune ridges or narrow, elongate zones of irregular dunes paral- 
lel the shore. Along the sandy flood plains of some streams, dunes are 
found, especially on the leeward side of the valley with respect to 
prevailing winds. Sandy deserts also display a variety of dunes. 

Where free to move unchecked by obstruction, sand builds three 
primary types of dune and a variety of intermediate or transitional 
forms. If the &:,nd supply is abundant and winds are moderate, an 
elongate ridge is built at right angles to the direction of the wind 
current. These dunes, similar to many snow drifts, are called trans- 
verse dunes. Other ridges, perhaps because of greater wind velocities 
or because of obstructions which direct eddies, form with their long 
axes parallel to dominant wind direction. These are called longi- 
tudinal dunes. Another type of dune is the crescent-shaped dune, 
called harchane, whose horns point downward. Many irregular and 
intermediate types exist, whose forms depend upon the strength, 
duration, and variability of direction of winds, and upcm configura- 
tion of the surface and its vegetation. 

Wind-blown sands are commonly well-graded. However, because 
of the variability of wind velocities and the development of cross 
currents, a rather wide range of sizes may be present. Most- of the 
grains of dune sands are between 0.06 mm. and 1 mm. in average 
diameter, and about 80 per cent between 0.12 mm. and 0.5 mm. 
The grains of wind-blown sands arc commonly rounded, and surfaces 
■frosted and pitted by impact. Cross-bedding is typical of wind- 
blown sand deposits. 

Dunes are either fixed or migratory. The fixed dunes have been 
stabilized by vegetation ^which has gained enough density to hold the 
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sand in place. Migrating dunes have locally traveled considerable 
distances and have buried forests, buildings, and arable lands. Two 
methods are in common use for minimizing damage by dune drift. 
The first is to establish a sand-tolerant vegetation over the dune area. 
In southwestern France, large-scale dune fixation by this method 
has made possible the reclamation of some 2,500,000 acres. The 
second method is to construct wind breaks, similar to the familiar 



Fic. 15>10. Sand dunes and wind ripple mark. (Courtesy of The Texas Company) 


snow fences of the northern states. The first method may be per- 
manent and effective; the second is a temporary expedient. 

Loess, A deposit of wind-blown dust and silt which typically 
shows no stratification is known as loess. Much, perhaps most, loess 
is washed out of the air by precipitation. The two principal sources 
of loess are the dry regions, where the dust is exported by the winds, 
and the silt deposits of flood plains. During the dissipation of the 
ice sheets which were formerly extensive in both North America 
and Europe, much rock flour was washed out from the ice and 
spread on flood plains of streams which must have been more or 
less constantly in flood during the melting seasons. Thus correspond- 
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Fit 15 11 Deep highuay cut in loess (Courtesy ot Iowa State Iighway Dept) 


inrt to the two principal soiiires, loess is found (hicfly to the leeward 
ol (Icstrt legions and on plains oi km land areas pciipheral to former 
i(( sheets The loess deposits of Noith ( hina, to the leeward of the 
^icat diy region of the interior, reach thukiiesses of as mudi as ‘iOO 
feet The loess deposits of the Middle West of the United States, 
in large measine deiivtd from glacial outuash, are inuch thinner 
The mineral fiagments of loess aie ( haiacteiistually angular, 
and the deposits have a high porosity One of the peculiar features 
of loess IS Its stability in veitical tuts Cuts that have been sloped 
back, even to very low angles, aie unstable and sub)e< i to excessive 
gullying, sheet enision, slides, and flows ( uneiu piaciitt as illus- 
tiated in Fig 15-11, leaves tuts in lotss with veitual faces and, if 
necessary, provides safe disposal of diainagc away frenn the face of 
the cut. 
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SUBSURFACE WATER 


G round water constitutes the most important min- 
eial rcsouite annually extracted from beneath the earth’s sur- 
lace, and (eitainly no other mineral resource is moie vital to life. 
Mixh water for domestit, industrial, and agricultural use is taken 
horn sti earns anJ natural or artificial lakes. However, a large portion 
of tile water used in homes and industrial plants, and a still larger 
portion used in agiiculture, is obtained from beneath the earth’s 
surface. In the United States, over 35 billion gallons of ground 
water per day are used, at a cost of over 1.25 million dollars a day. 
Moreover, most permanent streams are nourished wholly or in part 
hy underground supplies. 

The engineer is concerned with ground water when solving 
pioblems of water supply, and often he meets subsurface water prob- 
lems incidental to sanitation, land drainage or irrigation, excavation, 
foundations, and control of earth movements. Because of the many 
engineering projects to which underground water is of significance, 
the engineer should have a good understanding of the principles of 
its (xc urrcnce and movement. 

Sources of Water in the Ground 
Subsurface water is derived from several sources; the impurities 
in it frequently indicate its origin or history. 

In part, water in the ground is a direct contribution from mag- 
matic or volcanic activity. During the course of crystallization, 
.Vater is given off, excluded, that may pass into the adjacent rock 
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and become part of the underground supply. Water excluded in 
the crystal I i/ation of igneous rcxks is called juvenile water. Although 
it is probable that all the watei in and on the outer portions oi (In- 
earth is the result ol igneous activity in the geologic past. ditc<t 
magmatic contributions to the general subsurface water supply aie 
probably negligible. Many ore deposits and mineral veins, however, 
have been made by iuveiiile water. 

When sediments are deposited beneath the seas, some of the sta 
water is held in the interstices. Upon deposition of impervious sedi- 
ment above, some of this water may be imprisoned and retained m 
the sediment until tipped by atcident or intent. Water trapped in 
sediments at the time of their deposition is called tnnnale water. 
Some of the salty water encountered locally in inland wells, par- 
tieularly in parts of the Middle West, is connate water. 

The most important source of subsurface water is that poiiion 
of the precipitation which sinks into the ground. This, the majui 
portion of the underground water, is called meteoric water. 

Water is drawn into the atmosphere by evaporation and distrib- 
uted by the winds to all parts of the atmosphere. Where tondeiisa- 
tion takes place, the water may reach the earth’s suTface again in the 
form of rain, snow, hqil, frost, or dew. Of the atmospheric water that 
falls on a land surface, a part is re-evaporated; a part may run off the 
surface immediately in the form of sheet flood, rills, and streams, 
and find its way directly into some body of water at a lower eleva- 
tion: and a part sinks into the ground. Of the part that docs sink 
into the ground, plants utilize some, and plant transpiration retuins 
considerable moisture to the atmosphere. Rock and mineral alteia- 
tion also uses some of the subsurface water in the production of 
hydrated minerals— for example, limonite, a hydrated iron oxide 
Another portion of the water that penetrates the ground sinks down- 
ward until it reaches the zone where all openings are satin ated. 
Circulation in the saturated zone is generally very slow, but a part 
of the water finds its way to the surface again as seeps or springs or 
through wells. The hydrologic cycle is shown diagrammatically in 
Fig. 16-1. 
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Fic 16 I The hydrologic cycle (U. S Department of Agriculture) The sun draws 4,300 billion gallons a day and distributes 
It over the United Sutes. This amounts to 13,200,000 acre feet 



S50 


GEOLOGY FOR ENGINEERS 


The Ground Water Table 

The distinction between porosity and permeability has already 
been emphasized. Pores are intei]granular openings of small size, 
and porosity is defined as the ratio of pore space to the toul volume 
of the rock. Effective porosity (specific yield) is that part of the void 
volume that will drain under gravity. Permeability is the capacity 
of the rock to transmit fluids. It is measured by the quantity ut 
water passing through a unit cross section in a unit time with a 
hydraulic gradient of 100 per cent. A rexk with high porosity, as 
clay, may have very low permeability In other words, the material 
may contain a large amount of water but transmit very little. Non- 
porous rocks, however, are readily piermeable if penetrated by many 
cracks or other openings. 

The character and origin of T(x:k openings through which water 
may circulate have already been described in preceding chapters 
These openings can be classified as (1) interstitial or intergranulai, 

(2) divisional fissures, joints, faults, shear zones, and cleavages, and 

(3) vesicles and solution cavities. The unconsolidated and partially 
consolidated clastic sediments have intergranular" openings. The 
crystalline rocks, i.e., most igneous and metamorphic rocks, iia\e 
principally divisional openings; the somewhat soluble rocks, prin- 
cipally limestone, dolomite, and marble, in addition to divisional 
openings often have solution cavities and channel ways; and lavas 
frequently have not only many fractures but also many vesicles. The 
larger the size of the opienings and the better their interconnection, 
the more ready is water percolation through them. Openings of all 
types are more abundant within a few hundred feet of the earth’s 
surface than at great depths, although, locally, fractures and open- 
ings penetrate much deeper. At great depths, the weight of over- 
lying rexk preclitdes the existence of openings through which water 
can circulate readily although, exceptionally, water-bcai ing fissures 
have been encountered at depths as gieat as 6000 feet. 

At variable distances below the surface, the rock openings are 
saturated with water. The top of the saturated zone is called the 
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u<ater table. Above the water table the circulation is dominantly 
(linMiwaid and comparatively rapid; below the water table, circula- 
tion i** cKu'i mined by ihe slojpe of tlic water table surface and is 
(Dinpaiaiively slow. The zone above the water table, where circula- 
tion IS attive and dominantly downward, is called the vadose zone, 
and the subsurface water within this zone is called vadose water. In 
the vadose zone, oxidation and leaching are general eflFects of sub- 
smfate tvater, rvhereas below the water table, deposition and cemen- 
t.itton are common. Thus, rocks above the water table are said to 
be in the zone of weathering, and those below the water table to be 
in the zone of cementation. 

TIu* tsatcr table is not a fixed surface; it fluctuates according to 
the amount of precipitation. In dry years the water table is deeper 
and flatter than in wet years. The water table presents, in general, a 
soincixhat subdued or softened reflection of the surface topography. 
rh<' sulfates of most lakes, permanent streams, or swamps mark the 
position of the water table at that particular place. A few of these 
natfi bodies, however, lie above the general water table, held up 
by some impermeable barrier. 

The preceding remarks on the svater table are of general applica- 
tion. Because the different types of openings in rock present soine- 
wliat different aspiects of the water table concept, however, the porous 
and permeable rocks, the cavernous locks, and the imporous and 
permeable rocks are discussed separately with reference to subsur- 
face water. Stiictly speaking, the water table concept does not apply 
to impermeable materials nor to confined water. 

Subsurface Watf,r in Porous and Permeable Sediments 

Rocks which are both {xnous and permeable are principally the 
clastic sediments, i.c., those sediments that have been deposited 
mechanically by svater, wind, or ice. The principal clastic rcKks are 
gravel, sand, silt, and clay, and their consolidated equivalents, con- 
glomerate, sandstone, siltstone, and claystone (argillite). The poros- 
iiy of gravel and sand ranges roughly from 25 to 40 per cent. Because 
of the relatively large size of the pore spaces and their interconnec- 
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tions, these rocks are readily permeable Silt, much of which ha\ 
a porosity between 30 and 50 per cent, is less permeable than sand 
because of the smaller openings, and clay with poiosity (ommonly 
between 40 and 70 per cent, is relatively impel meable. Admixiuus 
of sizes geneially show the permeability charactenstus of the finer 
grades present Cementation or consolidation of the elastics redims 
both void space and permeability Recently deposited, geologmll^ 
young limestones, also, are frequently so permeable and porous as 
to belong to this group 


r" Water Toble r VadoM Zone, 

CleyLere^ WottjJaW; 1 




. Saturated Zone 





Fic 16 2 The water table in clastic Frr 16 3 Perched water table 

sediments 


The Water Table, The ground water table in porous and perme 
able sediments is generally a subdued reflection of the surface to 
pography The slouei the percolation of water through the material, 
the more tiiily the ground ssatcr siutace leflccts the topography If 
the precipitation of a humid region teases for a long enough period 
inequalities in the ground isatcr suiface tend to disappear, the level 
drops and evens out With eontinued drought, it would eventually 
become a near plane surface In dry regions the water table docs 
not so faithfully paiallcl the suiiace irregulaiities Pig ]()2 iHus 
trates, diagraminatieally, water table conditions in clastic sediments 
It isill be noted that the water table lies nearer the ground suifaic 
in the valleys than it docs in the highlands Thus, although tending 
to parallel the surface topography, the parallelism is imperfect H 
the sediment has capillary openings, a capillary hinge of isatcr 
above the water table is present Above the general level of the 
water table, also, impervious layers or lenses of limited extent locally 
cause a perched water table, as shown in Fig 16-3. If the perched 
water table is near enough to the giound surface to cause a wet or 
swampy tract, drainage often is accomplished most economically by 
driving drainage wells through the impervious layer. 
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Water Table Maps, Water table maps are often useful. Com- 
monly, these depict the configuration of the water table by contours. 
Observations on the water levels of wells or bore holes supply data 
tor these maps. In the Kansas River Valley, resistivity measurements 
are estimated to give the depth of the water table to within an aver- 



age error of 15 per cent. In some aieas existing wells arc numerous 
enough to give suflitient data; in otlier .»rcas existing wells are too 
few, and supplementary bore holes must be made. Electrical methods 
(page 236) also can be applied in .some areas to the determination of 
the water table. A water table map shows the elevations at the lime 
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of measurement. The levels fluctuate with precipitation and with- 
drawals, however, and a series of niap>s based on periodic obseiva- 
tions may be necessary. In gathering data from well observations, it 
is necessary to distinguish between water table levels, which indicate 
the upper limits of the zone saturated by free water, and pressure 
levels, which indicate the limits of rise of water confined in the 
ground under head. 

Water table maps indicate areas of infiltration or recharge, for 
where the water table lies below the ground surface, water pene- 
trates the ground. This seepage is influent. The water tabic may 
coincide with the ground surface. Many valleys, for example, inter- 
sect the water table, and effluent seepage feeds many streams. Many 
swamps and permanently moist soil areas likewise mark the ground 
water surface, and most lake basins reach the water table. Some 
swamps, lakes, and streams, however, are perched above the watci 
table. If they lose water to the ground, they are influent. 

Water table maps are also of use in analyzing the direction and 
rate of ground water movements* (Figs. 16-4 and 16-5), whether nat- 
ural or induced by the works of man. The slopes of the ground svater 
table vary inversely with the permeability of the ground: the more 
permeable the ground, the lower is the water table slope. In a roc k 
of given permeability the water table slope varies according to the 
velocity of percolation; stated otherwise, the velocity of percolation 
varies directly with the slope angle. 

Fresh and Salt Water Relations in Coastal Areas. In coastal 
areas, the relationship between fresh and salt water in the ground is 
of both interest and practical significance. It has long been noted 
that wells in sediments close to the sea margin commonly yield fresh 
water. Investigations along the sandy coasts of Holland led to the 
discovery that fresh water cKcurs in the ground at considerable 
depths below sea level, and that a quite definite relationship can be 
expressed between the elevation of the water table and the depth 
to which fresh water extends below sea level. The fresh water floats 
on salt water, but because of the small difference in densities the 
fresh water extends to rather surprising depths. The column of 
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fresh water is balanced by a column of salt water in a manner similar 
to the floating of an iceberg or to familiar laboratory experiments 
wiih liquids of different densities in U tubes. Fig. 16-6 diagrams 
tiic relation. In this figure, the height of the column of salt water, 
/,. balaiucs a Iresh water column H. If t is equal to the elevation 
of the watei table above sea level, then H is equal to -f f, and if g 
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IS the specific giavity of the s.alt water, H is equal to hg. Hence, 
.il<;i 1)1 ait ally: 

t — h (g — 1) or h - 

The specific giavity of sea water is somewhat variable, but each 
foot between the water table and sea level indicates approximate!) 
10 feet of flesh water below sea level. It should be noted, however, 
that if the length of the fresh water column is reduced locally, as 
hy pumping from a well (draw-down), a salt water cone of intrusion 
Js developed, which is steeper than the cone of depression caused 
the pumping. A permanent lowering of the water table of 1 
■foot involves a rise of salt water of some 40 feet. 

Movement of Subsurface Water. The flow of a liquid is cither 
laminar or turbulent. In laminar flow the movement is orderly and 
"^t’eamlined; in turbulent flow, irregular eddies and movements take 
place. Laminar flow, whuh occurs at very low velocities, prevails in 
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the movement of undei^ound water. The laminar flow of sub 
surface water through rock is called percolation. Because httlc 
energy is lost in the production of eddies, the velocity of pert olat ion 
varies directly with the hydraulic gradient and inversely with the 
permeability. Darcy’s law states: 

kh 

v = -j 

where v (velcKity) is the rate of flow of water passing through a 
cross-sectional area normal to the direction of flow, k is the coefficnnt 
of permeability which represents the velocity fora hydraulu gradient 
of unity for a particular material, h is the difference in head between 
the ends of a considered soil column, and / is the length of the con 



Fig 16 7 Diagrammatic ilhistration of Darcy’s law hft, fice water; 
right, confined w iter 


sidered soil column (Fig. 16-7). The hydraulic gradient, h/l is con 
ventionally expressed as t; hence, Darcy’s law is often written. 

V = ki 

and accordingly the volume of water moving in unit time through 
a considered area A is* 

q = kiA 

However, the percolation is through only the void space of the con- 
sidered area; hence, the seepage or percolation velcKity is greater 
than V of the formula above The percolation velcKity, v„ is con- 
sequently: 

V 
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where n is the percentage of the area occupied by voids (porosity). 
The velocity units are the same as those expressed in the coefficient 
of peimcability-e.g., feet per day or cm/sec. 

Following the usage established by the U. S. Geological Survey, 
Civil Engineers often state Darcy’s law as: 

I X 7.48 X V, 

whcie V is flow in feet per day. Kp is rate of distharge in gallons per 
day at GO^'F, through a cioss section of 1 square foot under a unit 
li)cliaulic gradient (1 foot per foot); h is the difference in head be- 
tween the ends of the considered soil column (in feet); / is the length 
of the considered soil column (in feet), and Vp is the soil porosity 
(pel cent); while 7.48 is the numbei of gallons pci cubic foot. In 
( ompiiting Kp ii.>m the movement of dyes introduced into the ground 
iNatei, the specific yield (y,) should be substituted for Vp. The specific 
)ield is the volume of water free to diain under gravity expressed 
as a peiceiitage of the total volume. A field coefficient of permea- 
bility, Kf, in use by the U. S. Geological Suivey is defined as the rate 
of flow in gallcms per day through each foot of thickness of a given 
aquifer in a wudth of 1 mile under a gradient of 1 fcxit per mile. 
1 he field loeflicient multiplied by the thickness of the satuiated part 
(^1 the acjLiifci gives a convenient term called the coeffinent of irans- 
mmibility which expresses the ability of tlie aejuifer as a whole to 
tiansmit water. 

Vanous methods of determining the coeflicient of permeability 
are used Laboratoiy mcthcxls must use undisturbed soil samples to 
he appluable or useful, but the techniejues are simple and the labo- 
ratoiy deteiminations easily made. Field methods to determine per- 
meability, when and where possible, are probably prefeiable to 
laboratoiy determinations because they average out mhomogenieties 
present in most natural permeable media The techniques and equa- 
tions used aie presented in textbooks of soils mechanics and hy- 
diology. 

Daicy's law has been widely used and has been demonstrated to 
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be essentially correct for laminar flow. The constant k must be 
established by laboratory or field investigation for each material to 
which the law is applied. It should be remembered that in natuu, 
regularity is the exception rather than the rule. Irregulaiities m 
sedimentation, variations in the state of packing of the sedimentary 
particles, and variations in the degree of cementation as well as vaii.i- 
tions of structure are to be expected. The permeability ol natural 
sediments is therefore variable in different directions. Permeability 
across the bedding is commonly less than that parallel to the bedding 
Many permeable beds are interstratified with relatively imperme- 
able beds. Lateral vaiiations in the state of parking and lateral 
Variations in grading and lithology, as well as vertical variations, are 
common. In a heterogeneous rock series, therefore, caution is neces- 
sary in applying any formula to ground water flow. Where the 
material is naturally homogeneous or has been emplaced uniformly 
or under close control by man, determination of permeability cn- 
efficients and application of Darcy’s law are justified and the results 
are often invaluable. 

The Ground Water Division of the United States Geolos’u il 
Survey, in the laboratory testing of some 2000 natural earth aggi' 
gates, found that the most permeable material tested iransiiiimd 
water at a rate some 450 million times that of the least peinu.ihli 
material tested under the same hydraulic gradient. Figures foi iIh 
average rates of giound water movement arc, consecjuently, dilhiult 
to give and of limited value Subject to very wide deviations aiiJ 
presented as of suggestive value only are the following approxiniau 
limits (hydraulic gradient 100%): 

Gravel 1000 to 10,000 feet per day 

Sand 100 to 1000 feet per day 

Clay 5 feet per day to practically nil 

or in metric units, on a log scale, common values of peimeability 
k (cm sec“’) are shown in Table 16.1. 
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TABLF 16.1.* p£RMKABlI.ITY AND DrMVACE CHARACfFUISl ICS OF SoiLS 


A (un/sft 10=^ 10* 1 

III 

1 10 - > 10 -’10 » 10 « 10 10 -fi 10 7 10 10 .. 

1 1 1 1 ' 1 1 1 1 1 

Drainage 

Excel- 

lent 

1 

1 

Ciood ] 

Practically 
Poor Impervious 

Soil 

Caean 

gravel 

Clc'an band. Clean 
sand and gia\cl 
mixtures 

line s.irul, silt, I lornogenoiis 
inixtuies of , clay 

1 




sand silt and clay, till, 
stratified clays 


* After Casagi ancle and Faduin. 


Subsurface Water in Cavernous Rocks 

Rocks cavernous types ot openings transmit water freely if 
the (avernous spaces are intercoimettcd. Many cavernous rocks are 
so peimeable as to be virtually stone sieves. The largest subsurface 
oj)enings known belong to this class. Cavernous openings range in 
si/e from the .small vugs and vesicular openings of lavas to the giant 
civerns and tunnels of limestones, miles in length. Two gioups of 
locks, the soluble locks and the volcanic lavas, have openings of the 
type ( lassed here as cavernous. 

Soluble Rocks. Meteoric waters which carry i,arbon dioxide, 
oxygen, and locally organic acids move downwau! through the 
vadose zone dissolving and decomposing many minerals; the car- 
bonate minerals especially are susceptible to solution. In the carbon- 
ate rocks, therefore, the limestones, dolomites, and inaibles, there 
is frecjuently a well-developed drainage system of intci connected 
joints enlarged by solution. Locally the avenues of percolation are 
enlarged to caverns or tunnels; thus in many limestones a true system 
of underground streams is established compaiable to a system of 
surface streams. The maximum effects of solution aie in the vadose 
zone. Fn this zone, joints and fractures leading downwaid from 
die surface are locally enlarged by solution. The chimney-like 
openings which result arc called sink holes (Fig. 16-8). Not all sink 
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holes are formed by joint enlai^ment; many are formed by the 
roof fciilure of caverns or tunnels, the arches of which have either 
become too broad to be self-supporting or have reached too close 
to the surface. Many though not all sink holes lead into under- 
ground rooms, tunnels, or subsurface streams. 



Fig. 16 8 Sink hole (U S Geological Sune^ 


Sink holes vary in size. Some are pits a few feet in diameter; 
others are depressions a mile or more across Some of the deeper 
sinks reach several hundred feet below the surface Although the 
outline of sinks tends to be circular, irregular shapes are common; 
the walls may be overhanging, vertical, or of gentle slope. Sinks are 
rock-rimmed; if, however, the side walls are of gentle slope, soil and 
vegetation may mantle both slopes and floor. Many sinks reach the 
water table and are occupied by lakes or ponds. 

Where sinks are abundant, the terrain is characterized as karst 
topography. In karst areas, surface streams are fesv; the drainage is 
chiefly underground. An area of typical karst topography is shown 
in Fig. 16-9. In the United States, the karst areas of Florida, Ken- 
tucky, and Tennessee are well known. Mark Twain’s description of 
the underground drainage-ways of the Hannibal, Missouri, district 
is familiar to all readers of Tom Sawyer. In a karst area, turbulent 
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Aftcf U S Geol Survey 


Fh.. 16 9. A section from Mammoth Cave, kenluckx, topot^iaphic map, showing 
Karst topography vuih sinks, depressions, disappcanm; streams and small hills Scale: 
appioximatcly 1 inch equals 1 mile. Contour interval, 20 tect. 

underground streams erode, transport, and deposit in the same way 
as do surface streams. 

A karst area may be likened to a stone sieve or, better, to a stone 
sponge. The permeability because of interconnected solution chan- 
nels is often very high, and the water table, consequently, is com- 
parable to that of permeable granular sediments. In fact, when 
studying possible effects of the proposed Florida Ship Canal, Paige^ 
considered the ground water resen oir of the solution honeycombed 
Ocala limestone, which underlies much of the peninsula, compaiablc 
to a reservoir of permeable sand or giavel in a coastal area, and he 
applied the Herzberg formula (page S55) to determine the thick- 
ness of the fresh water prism floating on ^alt water. Overlying beds 
of less permeable sediments give local artesian conditions which 

* Paige, Sidney, “Effect of a Sea Level Canal on the Ground Water Level of Florida, 
£cofi. GeoL, Vol. 81, 1936, pp. 537 570. 
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complitatc the problem. In this study, Paige* estimated the changes 
in the water table which would be pimluced by the inieiscuion of 
the water table by the sea-level tanal tut Essentially, he did tins 
by studying existing gradients in the water table iindei compaialili 
conditions, drawing similar curves which might be expected to de- 
velop along the canal cut, and deducing the disttibiirion of c flic is 
back away from the canal line. The papet bv Paige, already cited, 
and the subsequent discussion and reply' its publication invoked 
give an excellent example of ground watei studies applied to a major 
enginceiing project. 

WiUer in Volcanic Rocks. Many lava flows are so ‘Maggy,’ vesu 
ular, and cavernous as to be comparable in permeability and water 



Fig. 16-10. Water issuing from leaky basalt at Thousand Springs, Idaho. 
(U S Ccol Sur\ey) 


content to cavernous and leaky limestones (Fig. 16-10). Not only art- 
lava flows themselves often readily permeable, but associatid and 
interbedded pyroclastics, cinders and unaltered ash likewise arc 


*ibtd, pp. 565 568. 

•Brown, J A , "Effect of a Sea Level Canal on the Ground Water Level of Horicli 
—A Discussion,” Econ Geol , Vol 32, 1957, pp 589 99, Thompson, Mcin/tr, and Sinnj; 
field, “Effect of A Sea Level Canal on the Ground Water Level of Florula Icon Om>/ 
Vol. 55, 1958, pp 87 107, I’aige, Sidney, ‘Effect of a Sea level Canal on the Cioiiiul 
Water Level of Florida— A Reply,” Ecan Geol, Vol 35, 1958, pp. G17 OCi. 
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often very permeable. In general, basic flows are more permeable 
than acid flows. The openings are of several types; lava tunnels, 
openings at the base of flows, gas bubble cavities, tree molds, and 
joints. 

Lava tunnels are the largest openings in this type of rock. The 
tunnels are formed where the top of a flow crusts over, permitting 
the still liquid lava beneath to flow out. Although these tunnels 
lack the continuity and extent of many limestone tunnels, they are 
comparable. 

The most permeable zones of lava flows are at their basal contacts. 
Seldom does the lava mold itself completely to the surface over which 
it flows. Because the tops of many lava flows are very jagged and 
irregular, and often excessively cracked and slaggy, later flows over 
the surface leave many openings. The bottom of an overriding flow 
is often paitiakly congealed and, thrust along by the moving lava, is 
slaggy, thus adding to the permeability of the contact zone. Many 
similar but less pronounced zones of permeability are found at the 
contacts of flows and sediments. 

Vesiculation of lava due to the escape of gas renders the tops of 
many flows excessively porous or scoriaccous; near the lava source, 
vesiculation is often especially well displayed. The permeability 
due to vesiculation depends upon the degree of interconnection of 
the vesitles. The openings are of varying dimension; often the 
range is from a fraction of an inch to several inches. The shape of 
the vesicle is often tubular. 

Cavernous openings, not so widespread but locally important, 
are the molds of trees, overwhelmed by lava which hardened before 
the wood was completely burned away. 

Lavas are subject to rapid cooling: contraction joints, therefore, 
are abundant. Most volcanic areas are scismically unstable, and 
faults, likewise, are abundant in lavas. The intrusion of impervious 
dikes and alteration of volcanic ash beds to impervious clay com- 
plicate the hydrology of volcanic areas. Fig. 16-1 1 shows schematically 
the occurrence of subsuiface water in the Hawaiian Islands, a vol- 
canic area. 
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Fic. 16-11. T>pical occurrence of ground water in the Hawaiian Islands* a lava terrain. 
(From Stearns and McDonald* Division of Hydrography, Hawaii.) 


Subsurface Water in Rocks with Divisional Openings 

All consolidated and some unconsolidated rocks have fractures 
or partings dividing the rock mass into units of various size. These 
structures, joints, faults, shear zones, and cleavages are here called 
divisional openings. In crystalline rocks— granites and related va- 
rieties, gneisses, schists, and quartzites— in nonveskular volcanics, 
and in the thoroughly cemented sediments, water is chiefly in di- 
visional openings. The origin of these fractures and partings has 
been previously described. They are both tectonic, the result of deep- 
seated earth stresses, and katamorphic, the result of mechanical and 
chemical changes^ near or at the earth’s surface. Ifecause the pres- 
sure due to weight of overlying rock load increases with depth, frac- 
tures deep below the- surface tend to be blind or' tight; yet some 
readily permeable Assures extend to great depths. Many more open 
partings and Assures, however, occur in the zone between the surface 
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nnd two or three hundred feet down than occur at greater depth; 
tonsequently, the bulk of the water in rock fractures is comparatively 
neat the suiface. 



Fig If) 12 Subsurface water issuing from cracks ip granite. 

Sheet jointing is well developed in most large intrusive masses. 
Complementary sets of steeply dipping joints are lound also in most 
intrusions, although the spacing, of course, is variable (Fig. 16-12). 
Shear zones (Fig. 16-13), frequently exposed in quarries and cuts, 
are the best water-yielding structures of massive rocks. Localized 
weathering has enhanced the permeability of many shear zones. 

Volcanic rocks, because of their rapid cooling, are generally 
highly jointed. Indeed, the joint net in many lavas is so close that 
blocks greater than a foot in diameter cannot be recovered. Colum- 
nar joints, if present, give ready access to water, and less regular but 
niore common joints do likewise. Lavas have also many fault and 
crush zones. 
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Ftc. 16-13. Shear zone in granite. 


Gneisses and schists have surficial joints due to weathering, and 
many have tectonic joints of more or less irregular pattern. These 
rocks, in addition, frequently have joints parallel to the foliation or 
schistosity along which 'water can seep. The planes of schistosity 
carry some water, especially in the surficial /ones where they have 
been somewhat opened. 

Slates, in addition to joints and local fault zones, have flow and 
fracture cleavages which carry water. Shales and other argillat eons 
rocks and thoroughly cemented sediments have little intergranular 
permeability, but divisional openings are always present. Most sedi- 
ments have bedding plane joints. In many sediments, also, there are 
found joints inherited from the diageneiic stage. These resulted 
from shrinkage, compaction, and slump of the unconsolidated and 
semicpnsolidated sediment. 

Quartzites have joints and fracture systems similar to those of the 
massive igneous rocks. 

The water table concept for rocks whose permeable openings 
are of the divisional type is somewhat different from that presented 
for rocks of intergranular permeability. The water table in these 
rocks is more irregular and does not reflect the topography as faith- 
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fully. Insofar as the divisional openings are supeuapillary in size 
and are intcrconncf ted, there is a water table, nevertheless. This 
variation ot the water table is shown diagrammatically in Fig. 16-14. 
In this diagram it will be noted that suet ess in well location depends 



on the (haiue of inteisecting a sufluient number of water-bearing 
sinu tines to gain the iccjiniecl yield. Thus, although chance is an 
impoitant element in dtilling foimations with divisional openings, 
luclicious selection of well site based on observation of the distribu- 
tion and atiiiiide nt the openings and stuutines of suilaie exposures 
ini leases the per<eniag<* of succc’ssful wells ot moderate depth. 

Note has been made ot the me leasing tightness ot disisional 
openings with depth and also ot the gieaiei number ot joints within 
the shallow depth zone. 1 hciefoie, il a well being diiven in loiks 
with these slinctures doc*s not yield somewhere near the required 
flow at a depth of some 200 feet, the chances ot success aie belter if 
a new hole is started near by, say 100 or 200 feet away, than if the 
unsatisfactory hole is deepened. 

The divisional openings of most rock masses yield sufficient water 
for domestic purposes at depths of less than 200 feet. Probably 
ninety out of a hunched wells in granites for example, will yield 
uiore than 2 gallons a minute and the avciagc* yield will be nearer 
10 gallons per minute. In slatc‘ the percentage* ot succc\ss is somewhat 
higher. In the crystalline rocks of Connecticut tlie average yield 



GEOLOGY FOR ENGINEERS 


of 123 wells with an average depth of 108 feet is 12.7 gallons |}er 
minute.* 


Artesian Water 

At many places ground water is held in a permeable zone by im- 
permeable rock on two sides. The water is confined, and the per- 
meable zone is an aquifer. In many places confined water is under 
head and hence will rise in a well which taps it. Confined water 
under hydrostatic head is called aitesian water, and a well in which 
the water rises above the adjacent ground water level is called an 
artesian well. 

The conditions necessary for artesian flow are: 

1. An aquifer, or permeable zone or bed. 

2. Relatively impermeable rocks above and below which < oiifmc* 

the water in the aquifer. 

3. Sufficient dip of the aquifer to give an hydraulic gradient. 

4. An intake area such that the a(]uifer may be charged. 

These conditions ate shown diagrammatically in Fig. 16-1.’) Im- 
permeable rock above and below is necc-ssary to insure against loss 
of head. The inclination of the beds gives rise to a hydraulic giatli- 
ent which extends from the level of saturation down the dip of the 
structure as far as the structure continues. Artesian water may be 
met in rcxrks of all types of openings. Divisional openings or slusu 
zones in the crystalline rcKks frequently give rise to artesian flow 
when penetrated. More commonly, however, artesian water is found 
in pemfeable sandstone layers intercalated with impermeable shales 
or other types in a sedimentary rock set ies. 

Several areas of the United States draw heavily on artesian water. 
Along a part of the eastern margin of the Rocky Mountains, the 
upturned edge of the so-called Fountain sandstone outcrops. It is a 
good aquifer, being both porous and permeable. This sandstone dips 

‘Gregory, H. E.. and ElliJ, E. E.. "Underground Water Resources of Conncftm*'- 
with a Study of the Occurrence of Ground Water in Crystalline Rocks,” U. 4. • 

Survey Water Supply Paper 2)2, 1909, pp. 91-94. 



SUBSURFACE WATER 


369 




Jir. I(i 15 well condilioiw. 

easterly under the adjacent Cireat Plam5 and carries water from the 
mountain intake zone far to the east It is tapped by a great number 
of artesian wells up to distances of seveial hundred miles from its 
aiea cf outcrop. The city of Chicago foimerly obtained its water 
supply fiom a Cambrian sandstone which outcrops in Wisconsin 
and dips gently to the south. Rain that falls on the Wisconsin intake 
area is estimated to require some two hundred years to travel to 
the Chicago area. A similar condition is found in the central part 
of the United States, where the Roubidoux sandstone outcrops on 
the Ozark Dome and, dipping gently north, carries water into the 
central and northern part of Missouri where it supplies a number 
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of cities with water. The city of Greenville, Maine, formerly ob- 
tained water from an arte.sian well that penetrated a fracture /one 
in slate. 


Springs and Wei.i.s 

Man’s first drink of ground water undoubtedly came from a 
spring. An obvious step was to dig out and improve the spring. Per- 
haps with spring failure, primitive man dtig deeper at the spring 
site, or perhaps be found that springs could be made by digging 
shallow holes at damp spots. In any event, before the dawn of 
history man had learned to dig for water and thus had taken one 
more step in turning the resources of nature to his own welfare. 

Springs. The natural emergence of subsurface water takes place 
as springs or seeps. In springs the emergence is localized about a 
jaoint: in seeps the emergent e is spread out. A variety of geological 
conditions give rise to seeps and spiings. .Springs can be tlassificd, 
accordingly, into water table s|)rings, tontaci springs, cavernous rotk 
(karst) springs, and structural spiings. 

Water table springs and seeps are found where the ground sur- 
face intersects the water table. Many oi t ur around the margins of 
lakes or other depi’essions and along the slopes of a stream valley. 
In the humid regions, most permanent streams receive at least a part 
of their water from the ground svater reservoir. Few streams flow 
the year around uirtil they have eroded their channels deep enough 
to intersect the water table. Most wells are artificial springs of this 
category, and many excavations, as along highsvays or elsewhere, 
develop this type of spring or seep. 

Where a relatively impermeable bed underlies a bed of greater 
permeability, the underground water tends to move down the dip 
slope of the contact. If the contact is exposed by erosion or excava- 
tion, contact springs or seeps are formed. Contact springs are often 
found at the contact between the unconsolidated soil and the bed- 
rock surface. In glaciated regions, this type of spring is often found 
where erosion has exposed the contact between relatively imperme- 
able till deposits and overlying stratified drift. Springs of this type. 
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also, are noted frequently emerging from beneath a talus or land- 
slide deposit, or at the base of an alluvial tan. 

Excavation or erosion in cavernous rocks locally taps under- 
ground water. Some of the largest flowing spi ings of the world are 
of this class, where real underground riveis emerge. Many springs 
fiom cavernous basalts and limestones arc known which discharge 
nioic than 100 cubic feet per second. Silver Spiings, Florida, for 
example, has a flow of more than 800 cubic feet per second. It the 
cavernous rock from which the watei emerges is limestone, the 
spring may be called a kaisi spyiyig. 

Divisional openings may lead ground watei to the surface, where 
it emerges sometimes under head as a sfuKtuuU ^prinp. Spiings and 
seeps of this class are frecjuently seen in ciiiaiiies or along rock cuts. 

Springs are also often classified in other ways. Mineral springs 
and iliermal, or hot, springs aie so widely known as to deserve 
iiumtion. 

Most springs are mineral springs in the sense that the water 
contains dissolved mineral matter. It the dissolved mineral content 
icadus a concentration sufheient to impart either a noticeable taste 
or smell, oi if the dissolved mineial content is cjf unusual substances, 
ihc spiing becomes populaily known as a rnmeral spring. The 
uaters ot some spiings are abnormally radioactive. 

Meieoric water is hc'atcd if it icachcs vvaim oi hot lock beneath 
the surface. If the healed watci emeigcs, it is a hot sprhig, or 
thermal spring. Many thcimal spiings aie lound in regions of 
present or recent volcanic activity. Other thermal springs appear 
to be distant from volcanic souices of heat and aie probably associ- 
ated with deep faults. 

Many thermal and mineral springs carry enough mineral matter 
in solution to cause deposition around the outlet of the spring. The 
deposits may take the form of terraces, or mounds, or aprons on 
the down slope side of the spring. Tliv. ten aces of the thermal 
springs and geysers ot the Yellowstone* aie well known. Spiing de- 
posits are commonly composed of calcium caibonatc (calcareous 
tul.;} and silica (.siliceous sinter); less commonly, iion oxides, sulfur, 
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and other minerals are deposited The waters of many thermal and 
mineral springs are reputed to have medicinal and therapeutic 
properties. 

The flow of many springs varies considerably from time to time 
Wide fluctuation of discharge coincident with heavy rains, tempt^raiy 
turbidity, and marked variations in water temperature often signify 
a shallow source of the water. The utilization of the spiing showing 
these indications, therefore, may be inadvisable for some purposes 

WeUs. The development of ground water— its extraction from the 
ground— is properly in the province of hydraulic engineering How 
ever, a brief and elementary approach to the subject is made hire to 
establish a link between the geology of ground water and some cngi 
neering aspects of its development For any piojeit, the choice of 
well type and method of excavation, probable yield, and the piopcr 
spacing of wells are problems whose solutions are more or less de- 
pendent on geologic conditions 

Several varieties of wells are common The choice of type de- 
pends principally upon the nature of the material, the expected 
depth, and upon the expected life and output of the well In the 
following discussion, wells are classified according to the method 
of sinking them, as dug, bored, driven, jetted, hydraulu rotary 
drilled, and churn-drilled wells. 

Dug Welb. The earliest wells were hand dug, and some of the 
early wells were dug to surprising depths. One method of putting 
them down was to suspiend a slave by the heels and to encourage 
him to fill his bucket from the bottom of the hole Dug wells, cased 
with stone, brick, or other material, are found today supplying water 
in many rural parts of the United States Dug wells are practical 
only in unconsolidated material with high water table. Orange 
peel and clam shell buckets are used as well as hand digging tools 
The diameter of dug wells varies from about 3 feet to 30 feet or 
more. A casing is generally sunk coincident with deepening tlie 
hole. 

Driven Wells. In unconsolidated matciial, wells can be* tie 
velojped by driving a pipe with a pointed and slotted end, ivell 
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(Fig. 16-lfi)i into the ground. The points are of small diameter, 
seldom greater than 3 inches, and the pump cylinder is attached 
diretily to tlie pipe. The pump will not work, of course, unless the 
watei table stands or rises to within approximately 25 feet of the 
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Fic 16 16 Well point (Coumsy of Ldward E. Johnson, Inc.) 


surface. Driven wells supply many houses, summer cottages, and 
small businesses with svater; and batteries of driven wells serve many 
(ommunitics. Instead of driving the points, they may he jetted down. 
Driven wells are quickly put down, economical, and, where tern* 
porary supply is needed or small yield is satisfactory, are the usual 
t>pe. 

In many engineering projects, the dewatering of foundations is 
necessary for economical construction; for this purpose a system of 
driven wells is commonly used, as illustrated in Fig. 16-17. 

A complication in this type of construction practice is illustrated 
by the experience of the New York City Housing Authority in a 
project for five 14-story apartment buildings of reinforced concrete. 
The water table had to be lowered 10 feet to permit consttuction of 
reinforced boxes for foundations. Adjacent structures, especially an 
adjacent 15-story hotel supported on spread footings, would have 
settled destructively by lowering of the water table beneath the fciot- 
mgs Consequently, in this project, of the 4500 gallons per minute 
Withdrawn through the well-point system established for the new con- 
struction, 3000 gallons per minute were fed back into the adjacent 
ground through a diffusion system of well points to maintain sta- 
bility of the adjacent areas. By this means the normal water table 
level was maintained as close as 1 10 feet to the excavation.® 

Bored Wells. Augers, hand or powei driven, are used in un- 
consolidated material. In earth that will not stand, casing must be 
driven as the hole is augered. Wells of large diameter can be bored, 

"I'lg N€ws-Record, Vol. 150. 1956. pp 59-42. 
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but the equipment necessary is so heavy as to limit its use. Bored 
Avells are not so common as formerly, although much use of the 
auger is made in putting down small-diamcter exploratory holes 
and for sampling sedimentary beds. 



Fic, 16-17. Dewatering by well points. The upstream end of this bridge pier was to 
be protected by a V-shaped mass of concrete. The water in the river channel was about 
10 feet above the bottom of the excavation, and only 6 feet away from the header. 
(Courtesy of Edward E. Johnson, Inc.) 

Jetted Wells. Hollow drill rods down through which water can 
be pumped to a perforated point are much used and enable a hole 
to be sunk rapidly through unconsolidated material. The drill water 
is returned to the surface through an outside pipe (Fig. 16-18). Jet or 
wash boring is much used in sounding the ditpths to beclro(k. 
Boulders or ledge, of course, limit the depth ot cither driven or 
jetted holes. 

Hydraulic Rotary-Drilled Wells. Hydraulic rotary drillius 
similar to boring in that a bit or cutting edge is rotated on the einl 
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of a drill pipe Drilling mud is forced down inside the pipe and 
out thiough openings at the bottom, whence it lists outside the 


pipe, tatrying the cuttings to 
the surface Hydraulic rotary 
drills can cut holes of large di- 
ameter and more readily peimit 
gras el packing around a tasing 
than the other methods This 
method IS more satisfactoiy also 
than most other methtxls fot the 
ptiuitation of alternating soft 
and haid layers 

( hum Drilled Wells In 
cinnn dulling, also talltd the 
siandud imtiiod, a siring of 
tools IS altcinatcly lilted and 
tlioppcd, "churntd ’ up and 
down, to pound and tut a hole 
lilt stung of tools consists of a 
bit and stem, a set of jais (linked 
stttl rods to jar the bit loose if 
It gtts stink), a sinker bar to 
jiioMflc wtight, and a lojic 
siKktt whuh IS dtsigntd to ic 
diKc jar on the chilling ng 
1 ig 16 10 shows a slung of 
standard dulling tools The 
cuttings arc r< moved by \aiioiis 
tyjHs of bailers oi buckets 
Churn drilling is the most 
widely used method of putting 
down wells and is adapted to 
'«<»st tyjxs of icxk 



i( 10 18 Miiipk ictlini; iij; (Comics) of 
I tlw ml t |oliiisoii liK ) 


Hf/d of Wells The yield of wells depends piiniaiily u|Jon the 
chaiaeter of the water beat mg formation One of the most piodue- 



S76 


GEOLOGY FOR ENGINEERS 


tive wells in the United States yields 25,000,000 gallons per day, a 
24>inch well in Texas. The size of the well is distinctly of secondary 
importance. Table 16.2 illustrates the fallacy of the idea that big 
wells necessarily mean proportionately large yields. 

Table 16 . 2 .* Approximate Increase in Yifid Diif to Tnlrlasi 
IN Diameter (Screens of Same Length in Same Formation) 


Well Diameters 


2" 

4 " 

6" 

8" 

12" 

18" 

24" 

36" 

Increase in Per Cent j 

imu 




K 

SS 


If 

imiii 

■9 



mm 

23 

28 

38 



0 

5 

10 

18 

25 

33 




0 

5 

13 

18 

28 





0 

8 

13 

23 

To obtain differ- 



0 


15 

ence 

in yield between 




0 

10 

wells of various diameters: start 




0 


at 0 in column for smaller diameter being 
considered, then move right into column for the 
latger diameter for comparison. If an 8'' well is being 
compared to a 12" well, then 8" is 0 and under 12" the estimated 
increase in yield due to the increase in diameter is 5%. Figures arc 
based on all conditions being identical except diameter. 

*From Benniton. 

Whenever water is pumped from a well, the water table is low- 
ered around the well. The lowering is greatest at the well and 
diminishes away from it. In homogeneous material, with an initially 
level water table, this lowering is, therefore, of conical shape and is 
called the cone of depression. Frequently, the cone is elliptifil 
rather than circular in cross section. With continued pumping, 
lowering of the water level at the well steepens the hydraulic giadi- 
ent about the well until the inflow and withdrawal balance. The 
cone of depression is illustrated in Fig. 16-19. The relation between 
draw down and yield of the formation has been expressed m ^ 
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variety of formulae. The relation of draw down to percentage rela- 
tive yield is plotted as curves for both artesian and nonattesian water 


in Fig. 16-20. Referring to this figure, it will be seen that with a 
draw down of the static water level of 50 per cent (with reference 
to the bottom of the well) 76 per cent of the maximum yield is being 
pumped. 

The slope of the waier table established by pumping the well 
flattens out away from the well. The distance away ftom the well at 


of 

Inf iuence 













essaEsasssa 


1 

1 

1 

1 



Fio. 16 19. Cone of depression caused by pumping. 


which lowering of the water table caused by the pumping is not 
appreciable is called the ladius of influence. The proper spacing of 
wells must take possible inteifcrences into account. Brnnison® gives 
an interesting example of well spacing: 

“Eight wells weic spaced 250 feet apart, in a line making about 
a forty-five degree angle with the direction of ground water flow. 
The total yield of the eight wells as located and operated was about 
3,500 g.p.m. It was shown that by abandoning every other well and 
resetting the pumps, the pumping level was the same and yield was 
increased to at least 4,500 g.p.m., an increase of over twenty-eight 
per cent.” 

The radius of influence is largest and rate of recovery after pump- 
ing most rapid in coarse material. The less permeable the material 

•Bennison, E. W., Ground Water, Its Development, Uses, and Conservation, Ann 
Arbor, 1947, p. 215. 
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Fic. 16-20. Curve showing relation of draw down to yield. 

£d\vard E. Johnson, Inc.) 


(Courtesy of 


the steeper is the cone of depression and the smaller is the radius 
of influence. Representative radii of influence (in feet) are: 

Silly sand . lOO- 300 

Fine to medium sand .... . SOQk 600 

Coarse sand and fine gravel . 600-1200 
Gravel 1200-2400 


The radius of influence can be determined from observation holes 
regularly spaced in a straight line from the well. 
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Ground Water Recharge 

With inrreasing demand for water, many industries or com- 
munities have drawn too heavily from the available supply. Obvi- 
ously, intake must balance output over a period, or else depletion 
will result. Recharge of water-bearing formations can be aided by 
engineering effort. A formation that will yield water will take up 
water. A water table mound, the reverse of the cone of depression 
is formed where water is introduced, because in most soils the intro- 
(liution of water is more rapid than lateral percolation. The water 
table must be deep enough below the surface, therefore, to give 
room for the water table to build up. As the hydiaulic gradient 
ab«)ut the intake is steepened by the mound, jiercolation into perme- 
able sunoundings is increased. Although variations of detail are 
introduted, the two methods of getting water into the ground are (H 
bv leading water over peimeable surfaces, or water spreading and 
(2) by inti educing water into “inverted” or recharge wells. 

Surface ivatcr, fiom stream or reservoir, is diverted to spreading 
basins or diversion tanals of permeable bottom where the bulk of 
It (an leak into the gound. Water spreading has been effectively 
prattued in many places. Dcs Moines, Iowa, for example, has a 
vciy efficiently operated and effective system of gronifd water re- 
charge through infiltration basins (Fig. 16-21). 

The use of wells through which water may be fed into under- 
giound storage has also long been established practice. A recharge 
well is the opposite of an ordinary well; water is put in instead of 
being withdrawn. The recent increase in the use of air-conditioning 
iystems which use cold ground water has taxed the ground water 
supply of many places. Water warmed in this use is locally being re- 
turned to the ground to alleviate serious lowerings of the water table. 
On Long Island, for example, the numb# r of rc< harge wells has in- 
creased to number currently nearly four hundred, through which in 
the air-conditioning season over 12,000,000 gallons per day are re- 
turned to the ground. Another illustration is the recharge practice of 
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Fic. 16*21. Water spreading at Des Moines, Iowa. (Courug^y Dale L. Maffitt) 


distilleries at Louisville, Kentucky.*^ This area experienced a serious 
shortage of cool water as a result of increased alcohol manufacture 
during the war. The supply previously had been from plant wells 
which in 1935 supplied 37,000,000 gallons of cold water per day. 
In 1943, the demand was for 62,000,000 gallons per day, and the 
water table was dangerously lowered. The problem of supply was 
partially met by using city water during the cold season, and at the 
same time introducing cold city water into the depleted wells. In 
the summer months the temperature of the city water rises as high 
as 85°F., too warm for use, and the replenished wells were again 
pumped. 

Experimental data show that sodium-bearing water spread on a 
clay soil tends to deflocculate the clay and by ion exchange also 
lAids to reduce the permeability. On the other hand, an application 

^Guyton, W. F.. “Artificial Recharge of Glacial Sand and Gravel with 
River Water at Louisville, Kentucky," Econ, Geol., Vol. 41, 1946, pp. 644-658. 



SUBSURFACE WATER 


381 


of calcium chloride or of gypsum (CaSO^-nH^O) tends to render a 
clay soil more permeable. As reported by Miickel,® this type of treat- 
ment of clay soils for water spreading has a beneficial but temporary 
effect in increasing permeability. Plowing and harrowing a soil over 
which water is to be spread are deleterious in the long run. A grass 
cover, however, improves the intake. 

Water Finding 

Human settlements from the earliest known to the most recent 
have necessarily been where potable water could be obtained. With 
increases of population and rise of industry, demand for water has 
steadily mounted. Many individual pulp and papei plants, for ex- 
ample, require 20 tC3 30 million gallons a day. Agriculture also, 
spreading i’^tu dry regions, makes larger demands on water supply 
than formerly. Although the greater part of the required water is 
taken from surface sources, the volume drawn from the ground is 
huge. Accurate figures are not available, but at least 15 per cent 
and perhaps as much as 25 per cent of the population of the United 
Stales is dependent on ground water. 

Use requires discovery—hence prospecting. Prospecting methods 
tor subsurface water supply fall into four categories: (1) surface 
observation, or geological recon iiaLssancc; (2) subsuifare observation 
by means of test holes; (3) geophysical determination of subsurface 
conditions; and (4) superstitious hocus pocus. 

Geological reconnaissance of an area often suffices to give an 
adequate concept of ground water conditions. If, for example, a 
terrain is relatively level, pockmarked with swampy areas and ponds, 
it is fairly certain that a high water table will be found; if the rock 
section, i.e., the sequence of layers in a sedimentary series can be ob- 
served or pieced together, the water-carrying members can be rec- 
ognized; or if the joint or fracture pattern of crystalline rocks is 
studied, favorable spots for drilling may be located. In summary, 
fainiliarity with the water table-topographic relations and with the 

“Muckel. Dean C., ''Research in Water Spreatliiig,” Trans. Am. Soc. Civil Eng;rs.» 
Vol. 118. 195S, pp. 209-217. 
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porosity-permeability characteristics of various rock types enables 
an experienced observer to make shrewd deductions as to favorable 
sources of supply and probable depth to them. Many well drillers 
and others technically untrained in geological science have de- 
veloped powers of keen observation and uncanny ability to size up 
a terrain for favorable well sites. 

General or qualitative information, however, often does not suf- 
fice. Direct observations of the ground water level (and frequently 
of potential yield) are made by putting down observation holes. 'I’he 
majority of ground water developments for which test holes are put 
down are in unconsolidated rock; hence hydraulic rotary drills, jet- 
ting drills, and augurs arc the usual rigs employed. Enough test 
holes should be made to ascertain the thickness, extent, and depth 
of water-bearing strata; one hole is frequently worse than none. 
In a well-planned program of testing, the direction of ground water 
flow is determined by relatively few tests. Further tests may well be 
located at right angles to that direction in order to find where the 
water-bearing layers are thickest and coarsest. Test holes, to be of 
highest value, should not only indicate the static level, but also the 
thickness and character of water-bearing strata. Hence, most test 
holes should be cased as made, auger-bucket or sand-bucket samples 
taken, and the hole logged. Samples of the strata penetrated should 
be individually bagged and properly labeled for laboratory analysis. 
Although expense prohibits extensive prospecting by test holes in 
consolidated rock, test holes are used and frequently developed into 
permanent wells. The volume of water required determines the 
amount of test holing justified. A five-hiindred-dollar well, of course, 
docs not ordinarily call for a thousand-dollar prospecting program. 

, Geophysical prospecting (see Chapter XII) for water at present is 
rather limited. In general, only electrical methods are of much 
practical value.^and these chiefly in unconsolidated sediments. Some 
state agencies, notably the Illinois Geological Survey,® have used 
electrical methods with success. To interpret the results of electrical 

• Bays, C. A., "Use of Geophysical Methods in Groundwater Supply,” lH- 
Survey Circular 122, 1946. 
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surveys requires considerable experience and familiarity with the 
characteristics of the types of materials present. To date, electrical 
prospecting is valuable only where considerable information on the 
local geology is at hand and where enough geophysical prospecting 
can be carried out to permit correlation of the results with the 
geology. The initial cost, maintenance, and operation of geophysical 
equipment are prohibitive for water work, unless considerable pros- 
pc( ting is to be done. On a regional basis, for some types of under- 
ground, the method gives good results: limited to a particular job 
in a restricted area the method is costly, and results frequently un- 
satisfactory. 

Superstitions abejut groutid water still exist in the minds of many 
people. One of the better known of these fanciful delusions is the 
action of a forked stick in the hands of a “diviner.” It is thought 
by many th.at some people either are endowed with a special sensi- 
tivity or have acejuired a certain skill in the use of a divining rod 
which enables them to locate undergiound water. The practice of 
rrotchcd-stick prospecting is vaiiously called dowsinfr, ivater witch- 
ing, or divining. Many well sites have been located by diviners: 
tonsecjucntly, many people have faith in the method. The wide- 
spread occurrence ol grcjuncl water accounts for the successes that 
have been credited tc> dousing lathcr than any special gift or skill 
on the part of the dowser. In a humid region the diances for a 
moderately successful well are about nine out of ter: wherever the 
well is put down. With thc'se odds in his favor, a denvser's reputation 
depends largely on an uninhibited perfoimance with the “groaning, 
twisting, writhing rod.” In justice to some, however, it .should be 
said that not all water witches arc fakers. Some (self-hypnotized?) 
undoubtedly believe sincerely in their powers: others craftily prac- 
tice the art. 


Frost 

Frozen subsurface water is called frost. During every frost season 
many highways of the northcin tier of states suffei host damage. 
The bills for rt*pair total several millions of dollais annually. In 
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addition, frost dislocates and breaks pipes, causes uneven uplift or 
settlement of many structures, and docs other damage. In the high 
latitudes of both Eurasia and Notth Ameiua deep frosts that remain 
in the ground the year round present engineering problems of a 
type not met in warmer regions. The North Polar regions are in- 
creasingly strategic in world politics both because of air lanes which 
cross them and because of potential etonomit resources Engineering 
developments within these regions must tope with cold below the 
earth’s surface as well as above it The Alcan Highway is only one 
example. Air bases, radar installations, and natuial resource deselop- 
ment present engineering problems beyond those of similar projects 
of more temperate latitudes. 

The problems of frozen ground water, frost, can be met most 
successfully and economically if widely undeistood The phenomena 
of seasonally frozen ground have been known to engineers for many 
years, although imperfectly understood; the phenomena of per- 
manently frozen ground have only recently been brought to the 
attention of engineers. 

Seasonal Frost. The problems of frost and told ground arc not 
confined to polar regions, as every mid-latitude engineer knows De- 
struction or impairment of pavements, disintegration of sui faces, 
frost boils, and sundry other effects of seasonal freezing have focused 
attention on seasonal frosts wherever they occur. Although valid 
estimates of the amounts of heave are few, heaves of more than 2 feet 
are well authenticated. 

In Bristol, England, there is a four-story brick structure, 100 leci 
by 200 feet, occupied by a cold storage store. The woiking tem- 
perature of the cold chambers is 14® to 20 °F. The structure is 
founded on 50 feet of soft silty clay, supported on reinforced concrete 
piles. The floor is independent of the main frame and laid on a 
12-inch layer of ashes, two 3-inch layers of granulated cork and ce- 
ment, and a 2‘inch granulitic concrete wearing surface. Because of 
the continual low temperature, the floor slab heaved 25.5 inches, 
reduced the headroom from 8 feet 6 inches to 6 feet 4.5 inches, dam- 
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aged partition walls, jammed doors, cracked floor slabs, and made 
various inconveniences thereby.*® 

When water freezes, the volume expansion is approximately 10 
per cent. Frost heave has often been explained, accordingly, as 
simply the expansion of soil water as it changes into ice. The thrust 
of frost heave has been stated to be predominantly upward because 
relief is easier upward than in any other direction. The work of 
Taber** has shown that neither of these concepts is correct. Other 
workers have substantiated Taber’s general conclusions. 

A brief consideration will indicate that frost heave is not .satis- 
factorily explained solely by the expansion of freezing water. If a 
column of soil with a cross section of 1 square foot and a length 
of 10 feet, containing 50 per cent by volume of pore space com- 
pletely saturated with water, is frozen throughout, its increase in 
length due to the expansion of the water into ice is slightly less than 
6 inches, if all the volume increase goes into extension. In few 
regions of the United States does soil water freeze to average depths 
below the surface greater than 3 or 4 feet. For an extension of a 
foot and a half, therefore, this column would have to be 30 feet long. 
Even if the column considered was all water and no soil, its length 
would have to be 15 feet to extend a foot and a half on freezing. 
Evidently a freezing of soils to depths of 3 or 4 feet that causes heaves 
of several inches draws water into the freezing zone from the soil 
beneath. 

Capillary action, strictly speaking, does not account for upward 
movement of soil water into the freezing zone, for there is no free 
surface or meniscus. Taber*^ ascribes the rise to the force of molecu- 
lar or surface attraction acting in fine-textured soils to replace mo- 

“Sivewright, W. J., and Whillington, S. P., ’‘Rcconstriiitioii of rhe (Jrouml Floor 
of the Royal Edward Cold Store, Avcnmoiith Docks.” Proc. Inst. Civil /Oigis., Ft. 5, 
1954. pp. 166 182. 

”Tal)cr, Stephen, “Frost Heaving." J. CeoL, Vol. 37, pp. 42H4r»I; “Me- 

chanics of Frost Heaving," J. Geol.t \’ol. 38, I!130, pp. 303 317; “Fiec/ini; and 
I'hawing of Soils as Factors in the Destruction ol Road Pavcinents," Public Hoads, 
Vol. II. 1930. 

“/hid., p. 459. 
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lecules of water extracted by growing ice crystals from film or 
capillary moisture. Water, which has a surprising tensile strength, 
is drawn to the freezing zone and builds ice lenses. 

Both field and laboratory observations show that frost heave 
invariably is accompanied by ice lenses (Figs. 16-22, 16-23). Indeed, 



as closely as can be determined, the combined thickness of the ice 
lenses equals the amount of heave. Within the lenses, the ice crystals 
are oriented and grow in the direction of maximum' heat conduction 
(normal to the cooling surface), and the direction of maximum 
thrust corresponds. Ice segregation and lensing takt place when tlic 
freezing process can draw water to the freezing level. As the freezing 
isotherm drops deeper beneath the surface, new lenses develop witli 
more or less rhythmical regularity at lower levels. Possibly alter- 
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nate freezing and thawing aid in segregation. The soil layer beneath 
ilu- freezing zone is slightly warmer than the soil at the base of the 
freezing zone. Heat therefore flows upward, and some melting from 
tlic bottom up takes place during the warm spells The moisture 



Fic 16 23 Ice lenses. (Courtesy of Stephen Taber) 


drawn up into the freezing zone in the earlier cycle is thus available 
for further segregation into lenses when a drop in temperature again 
lowers the freezing isotherm 

Growing ice crystals exert forces comparable to the crushing 
strength of the crystals under the conditions of gro^rth. Mutual 
lateral support and confinement increase the crushing strength and 
make possible thrusts in excess of the crushing strength of uncon- 
fined ice crystals. Muller** states that stresses that develop in freez- 
ing ground may exceed 2000 kilograms per square centimeter. 

Field observation shows that silty and clayey soils heave most. 
The particle size range of heaving soils, as determined by Beskow, 


“ Muller. S W , Permafrost, J. W. Edwards, Inc , 1947, p. 1. 
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is shown in Fig. 16-25. Casagrande reports that the critical diameter 
of particle size for heave is 0.02 mm. For a soil with less than i 
per cent of particles of 0.02 mm diameter or smaller, there is no 
heave; if more than 3 per cent of particles of 0.02 mm diameter or 
smaller are present, heaves are expected. 


Pcrc«r\toc|e NAfaiiiBr Con'hftn't 



Fk. 16 24 Icc lenses and the change of water content m the 
soil due to fiee/ing. (From J. O. Osterbeig, Civil Lng , Nol. 

10 . 1940 ) 

Adequate drainage of subgrade soil, lowering of the water table, 
and the emplacement of coarse layers in position to drain freely and 
so to cut off the tapillary-like rise of moisture during freezing are 
measures to reduce damage. Deep drains on the upslope side of the 
highway, as shown in Fig. 16-26, reduce heave although they do not, 
of course, remove capillary water. Complete or at least uniform re- 
moval of snow from highways, even from the shoulders if practical, 
reduces differential heaves of pavement. Replacement of heavable 
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Nun^b^ r ( O p^nirw^/ Inch ) 



Fic. 16 2') Particle size range of 
hcasing soils (After Bcskou. from J O 
Osterbcrg, Cwtl Engtneermg, Vol 10, 

1910) 

soils with nonheavable material is an obvious remedy; although 
often economitally impossible for an entire project, this method can 
be Uxally applied to prevent culvert damage or displacement. In 
some plates, salt or another chemical has been used to lower the freez- 
ing {x)int of soil water below expected temperatures; and locally, 
insulation, peat moss or tinders, for example, has been used. 
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Permafrost. In North America permanently frozen ground, 
permafrost, is found widespread north of an irregular line whidi 
from approximately latitude 55“ on the Labrador coast loops south 
ward round Hudson Bay and swings northward again to approxi- 
mately latitude 60“ south of Great Slave Lake. Larger areas of 
Eurasia are permanently frozen than in North America; and Ant- 
arctica also has an extensive area of permafrost. All told, perhaps 
20 per cent of the earth’s land area is permanently frozen beneath 
the surface layeis of the ground. 

Permafrost extends downward to varying depths. In northern 
Greenland, rock a thousand feet below the surface was found to have 
a temperature below freezing; freezing temperatures there piobably 
extend to a depth of at least 1500 feet below the surface. 

Both distribution and depth suggest that permafrost is in part a 
holdover from the recent glacial epoch, as do also some perfectly 
preserved remains of the long extinct svoolly elephant, whose meat 
has been so well preserved in cold storage as tcj still be edible Above 
the perennially frozen layers is the so-called aittve zone in which the 
ground thaws during the summer months The active /one, in the 
melting season, is often a svatei -logged soil, for downward drainage is 
inhibited by the perhiafrost and much of the topography of the 
permafrost regions is without stiong relief The thickness of the at 
five zone vaiies with latitude, soil type, exposuie, vegetation, anti 
other factors. In Sibeiia, wheie peimafiost investigations have bcin 


Table 16.3.* Thiocness ok Si-asonvlly Melted Zove vbove 
Pfkmai Rosi, Sini uia 


1 

Location 

Sandy Ground 

CI.i\ey Ground 

Peaty and 
Swampy 
Gioiind 

South of Lat. N. 

S-4 m 

1. 8-2.5 m 

0.7-1 m 

Lat. r»2“ N. 

2-2.5 m 

I..5-2 m 

0.5 m f 

Arctic Const 

1.2-1. 6 m 

0.1~l in 

0.2-0 1 m 


* Muller, S. W , op, cil., p 9. 
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most detailed, depth measurements have been made, the results of 
which are shown in Table 16.3. 

When the surface of the ground freezes, the water between the 
frost table (top of permafrost) and frozen surface layers is confined 
and may be under hydrostatic head. If pressure is great enough, the 
water may break out at the surface as artesian springs, from which 
spread ice sheets called icings. If they oicur along a highway or air 
strip, icings may completely dislocate traffic. They also cause serious 
damage to other structures. Freezing below the surface makes 
ground ice which locally causes excessive heave. Swellings, or 
mounds due to freezing water under pressuie within the active zone, 
may bulge upward as much as 300 feet, and the swePmg may be 
lateral as well as upward. Peaty, clayey, and silty soils are the types 
most subject to ^welling. Melting of ground ice or irregular melting 
of the permafrost forms depressions and uneven surfaces. Saturated 
surficial soils of the active zone are subject to flow (solifluction) on 
low slopes. 

Engineering measures to meet the unusual conditions imposed 
by permafrost arc still in the experimental stages. Use of insulation 
to prevent melting of the permafrost under or adjacent to a struc- 
tinc, for example wide highway berms, provision for drainage of 
the active layer if feasible, anchoring structures within the perma- 
frost, and replacement of swelling material with nonsuelling sand 
or gravel are general ways of minimizing damage. The interested 
engineer will find much useful and valuable data and many helpful 
hints and cautions for construction in Muller’s book. 
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CHAPTER XVII 


EARTH MOVEMENTS 


E arth movements include both the spectacular 
slips of material which receive wide publicity and the all but 
imperceptible creep which receives scant notice. Catastrophic ava- 
lanches or rock falls, which may translocate tens of millions of tons 
of earth material in a matter of minutes, have taken an uncounted 
toll in life and property. Still greater monetary losses, however, 
have been caused hv the less spectacular earth failures. In an area, 
for example, embracing parts of wc.stcrn Pennsylvania, southern and 
eastern Kentucky, westein West Virginia, and southern and eastern 
Ohio, slope failures cause an annual highw’ay repair and mainte- 
nance bill of more than $10,000,000.* The difficulties in the con- 
struction of the Panama Canal caused by slides are well known. A 
single rcxrk slide at Niagara Falls, New York, in 1955 destroyed a 
power plant, with a replacement loss estimated at $100,000,000. In 
the United States, the problem of slide control has also been brought 
sharply into focus by the failure or partial lailure of xcveral great 
earth dams, although engineers have been combating slides for years. 

When excavation is undertaken, fills made, or structures built, 
the engineer in charge assumes responsibility for the prevention or 
control of any earth movements which may result. Problems of 
design and of construction methexis must take into account possible 
earth movement. Frequently, failures have necessitated redesign 
or reconstruction. Because problems of anticipation and prevention 
‘or of cure and control arc so commonly met in both large- and small- 
scale construction, the subject of earth movements is of particular 
interest to the civil engineer. 

‘Ladd, G. E., "LandOides, Siilnidcnces, and Rockfalh,” American Railway Engineer- 
ing Association Proceedings, Vol. 36, 193'i, p. 1093. 
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Classification of Earth Movements 

Various classifications of earth movements have been presented 
Some have been based on the type of material involved; some have 
been based on the rate of movement; and others have been based 
on the kind of movement. The discussion which follows is based 
on the classification: ^ 

A. Earth Flows 

Solifluction 

Creep 

Rapid Flows 

B. Landslides 

Debris Slides and Slump 
Rock Slides 
Rock Falls 

C. Subsidence 

Plastic Outflows 

Compaction 

Collapse 

This classification is based on the distinction between flowage and 
failure on definite shearing surfaces; also recognired in the scheme 
are rates of movement and, to some extent, the types of material 
involved. Earth flowage, as used here, implies movements dis- 
tributed through the mass. Slides are bulk movements limited 
to more or less definite surfaces or restricted zones. The distinction 
between these two primary types is shown in Fig. 17-1. Both types 
of movements, of course, may be present in any of the divisions. 
Earth movements grade from the transporution of unconsolidated 
debris by water or ice to essentially anhydrous movements of rock 
masses. In subsidence, the movement is dominantly downward. 

Earth Flows. Earth flows are characteristically ctxnposed of fine- 
textured sediment. A high water content and a state of open packing 
favor this type of failure. In the clays a dense state of packing is 
never achieved and flowage failures are particularly common. Al- 

* Sharpe. C. F. S.. ** Landslides and Related Phenomena/* Columbia Univcniiy Pre®* 
New York. 19S8. 
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though clays often have a “set" and may fail initially in shear, once 
this set has been destroyed the movement generally becomes a flow. 
A condition of open packing such that deformation without increase 
of volume is permitted together with high water content enables 
coarser textured sediments also to flow. In clastic materials, if the 
state of packing is such as to require volume increase on deforma- 



Fio. 17-1. Flow and slide movcincnis. (Rcpnnliiccd by permission 
from C. F. S. Sharpe. LamUlidcs and Rvlatvd Phenomena, Col.imbia 
University Press) 


tion, failure along definite shearing surfaces commosily results be- 
cause of the rigidity imparted to the mass by the weight of the 
overlying material. Movements that are initiated as slides, however, 
often become more plastic because of the change in state of packing 
during the translocation. Solifluction, creep, and rapid earth flows 
are movements of the flow type. 

Solifluction. The term solifluction is applied to the slow down- 
slope movement of wet, soupy soils under the action of gravity. 
Solifluction is particularly characteristic of the high latitude regions 
of permafrost. Because of the frozen subsoil condition, the surface 
layers become water soaked in the summer months, and in this 
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saturated condition flow gradually downgrade even on gentle slopes. 
In the frost zones of the middle latitudes, the failure of some pave- 
ments because of the excess moisture drawn up by frost action into 
the soil beneath the pavement illustrates solifluction on a small 
scale. 

Creep. On many slopes the surficial material is in transit down- 
grade at an extremely slow rate. This type of movement is called 
creep. As used here, the distinction between creep and solifluction 
is the water content of the soil. Creep may be cs.sentially anhydrous; 
in solifluction excess water is always present. Creep is particularly 
important to the engineer because the rate of movement is so slow 
that it may not be detected until its effects on engineering structures 
call attention to it. 'Fhus railway tracks, highways, retaining walls, 
or tunnels built in or on creeping slopes may be thrown out of line 
or destroyed. 

Creep can usually be recognized, however, by tareful observation. 
The bending of rock strata downslope, dislodgment of fence posts 
or telephone poles, sag of tombstones, t iirvature t)f tree trtinks, turf 
rolls in front of boulders, bulged or broken retaining walls, and 
effects on other strttettires are evidences of creep that have been 
noted by Sharpe and others; these are summarized in Fig. 17-2. 



Fk.. 17-2. Evidence of creep. (Reproduced by perniiii.'iioi) from C. F. S. Sh:ir|>e. 
Landtlidrs and Helated Phenomena, Columiria Itnivcrsity l*re«) 
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The causes of creep are many. One of the principal causes is the 
action of frost. Ice crystals, which in growth develop surprising 
force, lift soil particles or even boulders in a direction normal to 
the slope. Melting permits slump and gravity pulls the lifted object 
down slope. The freezing of water in soil cracks also aids in down- 
slope movement. Many other causes contribute to creep, however, 
for the process takes place in all climates, and even under the surface 
mat of vegetation. Surface run-off or subsurface seep moves particles 
down slope, even if imperceptibly. Every opening in the soil, 
whether made by ant, angleworm, or other animal, or plant root, 
or by desiccation, is closed from the uphill side. Needless to say, 
the presence of water in the creeping material aids in tiie process. 

Rapid Flows. Rapid flows differ from creep both in speed and in 
depth of substmf " involved. Whereas creep is essentially restricted 
to the surface or near it, rapid earth flows involve greater depth. 
Rapid earth flows differ from solifluction in rate of movement. 

Various grades of material are subject to rapid flow. However, 
the finer textured soils, clay and silty clay, or the coarser textured 
soils with a relatively high clay content are the most common types 
in these flows, and the bulk of rapid earth flows are of wet clay. 
Once movement is started, wet clay becomes very plastic and flows 
readily on very gentle slopes. Most flows are associated with heavy 
rains or melting snows. The presence of permeable layers, silt or 
sand, interstratifled with clay is a favoring condition, for water con- 
fined in the system in these layers may not find ready escape. 
Shrinkage cracks on clayey surfaces also permit ingress of water. 

One of the best examples of these flows has been described by 
Sharpe * and others. This flow took place near St. Thuribe, Quebec. 
Here the river bank, 25 to S5 feet high, gave way during heavy rain, 
and some 3,500,000 cubic yards of clay and sand flowed out tlirough 
a 200-foot opening into the Riviere Blanche, leaving an area 1700 
feet by 3000 feet excavated to a depth of 15 to 30 feet. Sharpe’s 

•/6W.. pp. 51-52. 
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diagram. Fig. 17-3, drawn from maps and photographs, illustrates the 
flow very clearly. 

Mudflows, common in semiarid legions of sporadic heavy showers 
and scant vegetation, are similar to the earth flows of humid regions 
just described, although they are commonly confined to channels or 
old stream courses. Mudflows carry along boulders and other coarse 



Fic. 17-3. Flow at St Thuiihe (Reproduced b\ permission from C F S 
Shaipe, Landslides and Related Phenomena, Columbia University I’ress) 

material as well, and the deposits are Jumbled, unstrati fled masses 
which resemble those made directly by glacial ice. Mudflows have 
destroyed buildings, disrupted traffic lines, and ruined aiable land 
at many places in semiarid regions. Deposits of fine ash ot tuff from 
active or recently active volcanoes are also particularly susceptible to 
flow when saturated. Earthquake shocks asscKiated with volcanism 
may start the flow. In part at least, the destruction of Herculaneum 
and Pompeii was by volcanic mudflow. 

Flow failures in soils may be classified as in Table 17.1. 

Landslid€s. If a mass of earth or rock moves along a definite 
zone or surface, the failure is called a landslide. Debris slides, lock 
slides, and rock falls are the principal landslide types. 

Debris Slides and Slump. Failures of unconsolidated material 
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Taui.f 17.1. 

,* Fi.ow Slidrs 

IN Soils 


SensUivilv to 
Liquefaction 

Soils Affected 



Examples 

HiRh sensi- 
tivity 

.Sand in bulked 
condition; rock 
flour. 

.Small stiains, 
earthquake 
shock, explo- 
sions. vibiatioiis 
affecting laigc 
mass 

1 

Rapid flow; few 
minutes. 

1 

Silt flows in 
Laurentian 
.Mts. 

1 ow sensitivity 

River sands; 
lock flour. 

Laige stiatiis 
created siiiiul- 
laneouslv in a 
large volume, 
c.g., shear failure 
in clay transmit- 
ted into overly- 
ing sand 

Rapid flow; few 
minutes. 

Ft. Peck 
Dam: livcr 
sands in 
foundation, 
hydraulic 
fill sand in 
dam. 

l.ow sensitivity 

Rivei sands; 
rock flout; 

\a. / d silts and 
class; cla>s hav- 
ing great sensi- 
livitv to re- 
molding 

I aige stiains 
cieated progres- 
sively. 

Progressive liq 
uifaction; up to 
several hours 
duiation de- 
pending on 
mass involved. 

Mississippi 
river bank 
slides. 


•After A. Ctsagi ancle. 


on a surface or limited zone of rupture are called debits slides. A 
gieat many, perhaps most, debris slides are in part How failures 
also, inasmuch as interparticle readjustments constitute flow. Earth 
flows and debris slides are distinguished, therefore, by the domi- 
nance either of flow or shear failure. The majority of debris slides 
are readjustments of slope; hence they are particularly abundant— 
and troublesome— accompanying or following engineering excava- 
tion that either oversteepens a slope or removes support of debris 
resting on a slope. 

The construction of fills, likewise, is often attended by or fol- 
lowed by slides. Natural dcbiis slides are numerous along river, 
lake, or sea margins subject to oversteepening; they happen on any 
slope where the internal resistance to shear is reduced below the 
safe limit by a change in the state of packing or of moisture content, 
or where load increases, by slide or creep from above or by rain- 
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or snowfall, exceed the strength of the soil. A debris slide on a steep 
slope that travels at a high speed is often called an avalanche. 

Slump. The term slump is applied to debris slides, generally of 
small magnitude, that show some degree of backward rotation ac- 
companying the downward displacement; slump is shown in Fig 
17-4. Slump is often accompianied by complementary bulges at the 



toe. Slumps are particularly common along cuts and HI Is and on 
natural slopes that have been cleared. The little ten aces called 
"cat steps” or “cow paths” that are so common in hill pastuies of the 
northern states are minor slumps. 

Many engineers consider the surfaces on which slumps move to 
be cylindrical. This concept is a convention for simplifying mathe- 
matical analysis that is probably justiHed, considering the other 
assumptions that are necessary for mathematical treatment. 

Noncohesive soils, when dry, have characteristic angles of repose. 
This angle varies according to the shapes and grading of the con- 
stituents and the density of packing; it is independent of the height 
of slope. Shear failure CKCurs when the shearing stress exceeds the 
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shearing resistance of the material. This is expressed by Coulomb’s 
equation: 

5 = /) tan <t> 

or for saturated ground: 

s = (p — hw) tan 

wheie s is the shearing resistance per unit area, p is the normal com- 
pressive stress, h is the piezometric head, w the unit weight of water, 
and the angle of shearing resistance, or angle of internal friction. 
Wet sand may stand with a steeper angle of repose than dry sand 
because of the cohesive effect of the moisture. If, however, more 
water is present than enough to merely fill the voids, the water carries 
a part of the stress, and both the coefficient of internal friction and 
the angle of repose are lowered. An extreme example !•■ a quicksand 
that has no shearing strength. 

To clarify and explain a little more fully these effects, a brief 
consideration of pressures in graniilai masses may be introduced. 
Consider a vertical cylindrical unit of homogeneous dry sand. 
The top surface of the soil cylinder coincides with the level surface 
of the deposit, and at depth h, the parallel bottom surface has an 
area A. The mass of sand thus inclosed is equal to the bulk density 
of the sand times volume: 

W, = y„Ah 

The mass W, must be wholly supported by the vertical < omponent 
of the reaction on the bottom plane surface of the considered cylin- 
der. The load is transmitted, of course, only from gmin to grain. 
Other than the weight of the sand, there is no load (except air) on 
the lower bounding surface. This stress, fV,/A, is called the effective 
stress and may be symbolized p,. 

Consider now the same cylindrical unit fully saturated with water. 
It is only that part of a grain in contact with another grain that 
transmits pressure directly from particle to particle, whereas except 
at surfaces of interparticle contact the gfran'S are subject to hydro- 
static pressures. Part of the total pressure is thus transmitted to the 
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lower bounding surface as contact stress, and a part by hydrostatic 
pressure. Intergranular stiess is reduced by buoyancy of the solid 
particles which is nearly equal to y»[i4li/(l + e)] where is the 
density of the water, A is the area of the basal surface, and e is the 
void ratio. The water pressure, is equal to yu-/?. The intergranu- 
lar pressures, called the effective stress, are transmitted from grain to 
grain to the lower cylinder surface approximately ecpial the weight 
of the solid: 

, C - 1 

p. = y+7 

The hydrostatic pressure on the lower surface is called the neutral or 
pore water pressure because it does not tend to affect the condition ol 
packing or properties of the gianular aggiegate. 

The total pressure p is thus ecpial to the sum of the pore watci 
pressuie and effective stress: 

p — py,-\-p, or p, — p-pu 

and the effective stiess diminishes vutli an increase of pore ivatci 
pressure; that is, if the neutral stress imreascs or dcci eases the el 
fective normal stress p, changes by the same amount The sheaiing 
resistance of cohesiohless soils therefore is expressed as 

s = (p — p„) tan <i> 

Thus the contributing effects of changing hydrostatic heads 
through increased (or decreased) pore water pressures are readily ap 
parent. A simple application is shown by Fig 17-5. In the fore 
going, the water has been considered essentially static. If, however, 
the pore water is m motion, it tends to drag along unconsolidated 
particles by frictional forces on the grains. Thus a downward perco 
lation tends to increase the effective stresses, and an upward motion 
decreases them. Especially significant may be effects that lift the 
grains into an open-packed and hence less stable state, with increased 
permeability. A sudden drop in head, as by a rapid decrease of 
adjacent stream level at the end of a flcxid period, may also cause 
damaging bank failures. 
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Fi(> 17 ^ Rise of the i^atcr table may cause the sliile of a 
slab owing to an iiii tease in pure i^atei ptessure (After 
I (i/aglii) 


For cohcbivc soih— clay, for example— the cones ponding equation 

IS 

5 = 6 + (/; — hw) tan <f> 

where c is the cohesion A change in the state of stress requires a 
change in the water content of a saturated soil. The late of stress 
application is therefoie important in stability considerations, for 
unless the water can escape fieely to keep pace with the changed 
stiess conditmn, stress is not entirely transmitted from particle to 
particle. Cohesixe soils have low permeability The angle of shear- 
ing resistance" toi clays is seldom more than 20®, ana for most clays 
IS less than 15® Cohesive soils have no single angle of repose, for 
the angle at which a homogeneous cohesive mass will stand changes 
with the increase of slope height. 

In the preceding discussion, the effect of water in a detrital mass 
has been indicated. If a debris slide takes place, the equilibrium 
'Which existed prior to the slide has been disturbed by a drop of 
shearing resistance, removal of support, change in loading, or some 
combination of these three factors Water entering the mass not 
t>nly lowers shearing resistance, i e , reduces the coefficient of friction 
(tan ^ = coefficient of friction) but also adds weight to the mass. Any 
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escape of water from the debris, lor example drainage, inn eases 
stability; any water kept from entciing the mass conserves to that 
extent existing strength. A stomach pump may relieve an over- 
stuffed child, the sensible parent prevents overstufiing. 

Rock Slides. Movements of essentially consolidated material 
which consist chiefly of recently detached bediock are called rock 



Fio 17 6 The dip of the beds at the right so closely approximates the slope of the 
hill that a heavy rain miy precipitate the whole mass into the valley (After Jox) 


slides Structures favorable to rock slides are outwardly inclined 
joints, fault surfaces, and weak or slippery strata (Fig. 17-6); removal 
of support from the downdip, downslope side either starts the slide 
or prepares the way for it. In the construction of highways, excava- 
tion on dip slopes has occasioned many slides. Better engineering 
practice on dip slopes where slides arc probable may be to fill rathci 
than cut in grading the route. 
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A notable rock slide took place at Frank, Alberta, in 1903.* An 
estimated thirty-five to forty million (ubir yards of rock slid down 
the mountainside, overriding the town and killing seventy people. 
The slide pushed 400 feet up the opposite valley wall. Geologically, 
Turtle Mountain consists of limestone thrust over shale-sandstone 
beds (Fig. 17-7). The presence of joints dipping approximately 40® 
down the mountain slope weakened the rock mass, and earthquake 
vibrations previous to the slip had probably loosened the material 
and prepared the way for the catastrophe. The slide itself was prob- 
ably set off by the heavy rains and frost immediately preceding. 

Rock Falls. Blocks of rock of varying sizes may suddenly crash 
downward from steep slope's; many highways have sigj« warning of 
the danger of falling rocks. Large masses of rcxrk may suddenly be- 
come detached <Tom cliffs. Rock falls are common along steep shore- 
lines and in the higher rnountain regions. Spring and fall are the 
seasons of most danger. 

Subsidence. Subsidence is an essentially downward movement of 
the surface. Earth subsidence is due to both artificial and natural 
causes. In construction work, the engineer must frequently allow 
for subsidence and design accordingly. The mining engineer, also, 
must consider the possibility of surface subsidence as a result of his 
excavations. Much property damage has resulted from failure to 
anticipate subsidence. Subsidence is due largely to plastic outflow 
of underlying strata, to compaction of underlying material, or to 
collapse. 

Subsidence Due to Plastic Outflow. Beneath heavy loads, plastic 
layers, or layers which become plastic due to disturbance as explained 
on page 100, may squeeze outward, allowing surface settlement or 
subsidence. Thus clay may be extruded from beneath a structure; or 
sand and silt layers, unless drainage is provided, locally may become 
plastic and flow. Many highway fills across soft ground have settled 
detrimentally, often with corresponding bulges at the sides of the fill. 

Subsidence Due to Compaction. Sediments otten compact be- 

•Daly, R. A , Miltei, W. G., and Rice, G. S.. "Report of the Commission Appointed 
to Investigate Turtle Mountain, Frank, Alberta," Canada Ceol. Survry Memoir 27, 1912. 
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Fic, *7-7. Diagrammatic section showing geological structure of Turtle Nfountaiii, Frank, Alberta. (Canadian Geological Survey) 
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cause of load or disturbance. Unless the water contained in the 
sediment can escape, an unstable hydioilynamic condition may be 
established by the compaction. Vibration is lar the most effective 
means of compacting granular mateiials il ihe (ontained water can 
escape. Compression under load without vibration or disturbance 
is relatively ineffective in compacting granular material from the 
silt size up. Compaction is much more rapid in i)ermeablc sediments 
than in clays. The compaction or “consolidatiim" of clay may con- 
tinue for years after a structure on it has been completed. Fortu- 
nately through the techniejues of Soils Mechanics it is possible to 
approximate the amount and rate of clay compaction undc'r load. 

Excessive pumping of water and the withdrawal of oil from the 
ground has locally caused subsidence. An interesting legal point of 
land ownership arose because of a local subsidence on the Texas 
coast due to oil extraction. The land sank below sea level and was 
Hooded; hence the government had a claim on the property; for 
unless alienated by special legislation, land below mean high tide 
belongs to the people. 

Subsidence Due to Collapse, In regions where extensive under- 
ground mining has removed a large volume c^f material, the weight 
of overlying rock may cause collapse and subsidence. This type of 
subsidence has been particularly expensive in some of the coal 
regions where large areas are underlain by nearly horizontal coal 
beds. Many surface structures have been damaged, and many lawsuits 
fought through the courts as a result. Other types of mining, for 
example extraction of salt by solution, have caused subsidence. 

Subsurface water leaches and dissolves away the more soluble 
rock types; collapse structures due to this cause have already been 
described. At least one public building has imjx)sed an excess load 
on the roof of an unsuspected cavern beneath the structure; shoring 
to halt the subsidence was reejuired. 

Large-Scale Subsidence. On a grander scale than the preceding 
subsidence types are those that have affected large areas of the lands 
in the geologic past. The continents have frequently been flooded 
over very large areas. Causes for the downward movement of the 
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lands relative to the sea level are not understood. Overloading by 
sediments may cause local subsidence. The formation of Reelfoot 
Lake, Tennessee, in 1812, may have been caused by sedimentary 
overload. In volcanic regions, subsidence, presumably due to sub> 
surface migration of liquid rock, has frequently taken place. The 
sinking of Port Royal in Jamaica is a subsidence in historic times 
that is ascribed to volcanic activity in nearby regions. The advance 
of the g^eat ice sheets of recent geological time probably depressed 
the land. The major causes for great crustal movements, however, 
are unknown. 


Prevfntion and Control 

Gravity is the primary cause of all flows and slides; only the 
authors of "wonder fiction" suspend its operation. In the preceding 
discussion of flows and slides the conditions favoring movement 
have been given. A summary of these may be convenient in con- 
sidering prevention and control measures. 

Water is the principal villain in the act of promoting slides and 
flows. Water may reduce cohesion; it adds weight.^ If present in ex 
cess, it imparts a hydrodynamic quality to the mass by carrying part 
of the stress. By freezing it exerts an expansive force. As snow it not 
only adds weight and melt water, but it may by its sliding induce 
sliding in underlying material: by shifting load, by friction, and by 
impact. 

A clay content undoubtedly mak.'s a mass more slipfiery and, 
when wet, promotes flow. A clay or shale layer is often the surface 
on which slides occur. If sufficiently wet and open-packed, however, 
coarse materials also will flow; and joints, faults, and bedding planes 
may be slip surfaces. 

Disturbance of existing equilibrium by loading or by support 
removal is the proximate cause of movement. Increased loads and 
oversteepened slopes are due to both human and natural agents. 

Prevention. Wherever practical, deep cuts at the toe of an un- 
consolidated slope should be avoided. Because they are near the 
angle of repose, talus slopes are dangerous to disturb. Observation 
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ol existing slopes and materials in the vuinity that are stable tvill 
show what may be expected The tecognition ol past instability, by 
slide and flow stars and by the hummocky topography ot past slides 
and flows (Fig 17-8), helps the topogiaphii analysis It slopes of 25° 



Ho 17 8 Landslide topo«?raph\ *Txra\a(e* And uitrh the hreik move uphill It can 
go half 1 niilt perh ips i niih (Photo l)\ Gtori;e I add) 


have failed, as slumn by lopooiajdiy, slopes appioat hine; that angle 
oi gicater on siinilai in.Utiial tan be expected to give tiouble 

It IS always (luapci to install ptopci chainagc din ’Mg tonstiiit- 
tion than alici wards Divtision ot watti Iroin a mass vvheie potential 
niovtintm is judged pitseiu is a safety tneasiiic* Other methods of 
staling (jfl waiei entry have been successlulJy used, although lic- 
quently not until (ailuies have itxpiiicd attcniion 

Cuts in conse)lidattd loek should be pitetded by examination for 
strut tures, such as joints oi f)lhcr planes of weakness, that dip toward 
the cut. Giouting jointed roek above the cut has been found cffec- 
•tivc both to incieasc strength and to exclude water 

Tempoiaiy measiiies to prevent slides and earth flows dunng 
tonstnution include dewMteiing by well points about the excava- 
tion, free^lng, gioutmg, and inipicgnaticjn with sodium silicate or 
similar agents. 
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*Fig. 17 9. Landslide topography. 


V. S. Ctol 


Remedial Measures. The thousands of slides and the many 
diverse situations in which they have happened necessarily have re- 
sulted in many different methods of treatment. Successful variations 
and combinations of method have been described in numerous 
articles in the literature of civil engineering. From the expericnie 
of many engineers, a few general principles and types of widely appli- 
cable controls have evolved. The principal methods are removal of 
slide material (excavation), slope treatment, retaining structures, 
and, most important, drainage. 

Excavation. Perhaps the first thought when a Hide has occurred, 
especially if it blocks traffic along a transportation route, is to put in 
a shovel and clean up the mess. For slides or flows of small back- 
ground this clean-up method is practical and economical. Before 
excavation is started, however, an upslope survey should be made 



EARTH MOVEMENTS 


411 


to detennine whether excavation will alleviate or aggravate the 
situation. Fig. l7-9 perhaps makes the point aided by a caption 
quoted from Dr. Ladd, “Excavatel And watch the break move 
uphill. It can go half a mile; perhaps a mile.” If excavation does 
seem advisable, it is probably wise in many instances to remove 
upslope portions first, rather than to start excavation at the toe of 
the slide. Hydraulicking has been used successfully and economically 
in removal of slide material. Removal of unusual loads or parts of 
the upper portions of the slope may prevent further movement. 

In Dr. Ladd's words,® however, “Toe removal is an expedient, 
not a remedy. Generally it is a bad expedient, especially if there 
is great extent and background to the material that is moving.” 

Slope Treatment. Slope treatment includes a variety of practices, 
among which '•re slope reduction, consolidation, protection against 
undercutting, and surfacing. 

Well-drained granular material of noncohesive type has an angle 
of repose, usually between 30-36°, that often can be reached by slope 
trimming. For fine-textured, clayey, cohesive soils no definite repose 
angle exists: the angle of stability changes with height of slope. 
Observation of undisturbed natural slopes of the same type of earth 
in the vicinity is probably the best guide to safe slope angles. Some 
clays literally have no safe angle of slope. 

Consolidation consists of grouting cracks and joints in fractured 
rock and guniting surfaces. Grout not only adds cohesive bond but 
also excludes water. In coarse, permeable soil, consolidation by im- 
pregnation with sodium silicate or similar chemicals has been suc- 
cessful. Recently electrcKhemical stabilization of clay has been intro- 
duced; for some types of clay the method, still experimental, holds 
promise. 

River, lake, or sea shores are locally undermined by erosion to 
the extent that slides take place. Various devices for erosion control 
are used including riprap, protective walls, and groynes. The use 
*nd effectiveness of these devices are discussed in the chapters on 
tivers and seas. 

*Ladd, G. E., op. cit., p. 1131. 
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Locally areas of relatively small size have been surface treated 
with oil or bituminous cover. The treatment excludes water and 
stabilizes the surface. Various types of vegetation also have been 
used for protective cover. A vegetation mat retards slope wash, 
gullying, and creep. As protection against mass movement involving 
much depth, however, vegetation is of little use. Insofar as vegeta- 
tion increases inBltration and inhibits surface drainage, it may do 
more harm than good on potentially moving ground. 

Retaining Structures. Many types of retaining structures have 
been built. All are designed to prevent earth movement by force. 
In many places they are economical and entirely successful. Retain- 
ing walls and cribbing should be used, however, only where the 
material they are designed to hold back is of small amount or is 
nearly stable when saturated. They are most effective against coarse 
granular material and broken rock, to prevent dribble. Properly 
buttressed, anchored, tied together, and drained, retaining structures 
have their uses and give a clean attractive look to highway cuts. 

Retaining structures, however, have often failed. Many of the 
failures have taken place where the structure was used to hold back 
plastic material. The engineer should remember that retaining 
structures “should be 'designed for a predetermined load which they 
are to transmit to a foundation bed of known capacity.” For many 
slopes it is not feasible to calculate the load which may be exerted on 
the structure. It is difficult and often impossible to determine the 
amount of material potentially in transit down slope. Additional 
material from above may be added to the moving mass. Hydro- 
dynamic conditions may set up fluid pressures against a retaining 
structure which was not designed for that type of pressure. Too 
frequently, retaining structures simply transmit the load to a lower 
part of the material affected by the slide. 

Drainage. Drainage is the most generally effective and practical 
control measure to curb earth flows and slides. Some engineers state 
categorically that water is always the cause and drainage always the 
cure; although the statement is comparable to the wartime slogan 
that the only good enemy is a dead one, there is much truth in it. 
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Any effective means of reducing the water content of a moving or 
unstable mass restores a measure of the stability that was lost when 
the water entered. It is the water that penetrates the slide that 
does the damage. The sources of entering water, therefore, are to 
be found and entry cut off if practical. Diversion and drai na ge 
works, upslope, to ronduct the water to safe disposal channels are 
locally possible. Sealing any cracks or joints, oiling, or other water* 
proofing treatment aids in the exclusion of water. Because slight 
movements and even desiccation of unconsolidated material often 
result in cracks that should be filled, periodic slof>e inspection should 
be a routine part of maintenance. 

A sliding or flowing mass can often be stabilized by installation 
of proper drainage within the material. If the slop>es are gentle, say 
25°, the losve*’ part perhaps can be stabilized by drainage— surface 
and subsurface— to the extent that it stands as a natural large-scale 
retaining svall. Threatening masses, also, can be isolated or insulated 
by proper drains looping around the top and sides of the mass in the 
shape of an inverted letter U. Electro-osmotic stabilization of soils 
too fine to drain successfully by conventional methods has been 
reported successful from several projects. Electro-osmotic stabiliza- 
tion is based on the principle that water in capillaries flows from a 
plus to a minus electrode. The water moves through the soil under 
the influence of an EMF to a hollow cathode and is removed from 
tlie soil. The first use of this method reported was the stabilization 
of a long 6-foot-dcep cut in silty clay at Salzgitter, Germany, in 1939.® 
The tlay was yielding to flow, and the bottom of the cut was so soupy 
that excavation was held up. Along a 300-foot trial section, well 
points 30 feet apart were driven to a depth of 22.5 feet along the top 
of both sides of the cut. The anodes were driven halfway between the 
cathodes, and a potential of 180 volts applied. In a few hours it was 
possible to resume the work. The energv consumed is reported to 
have been about 1 kilowatt hour per cubic yard of excavation. 

Fill slides have caused many a delay and much extra expense in 

'Casagrande, Leo, "Eioctro-osmotic Siabiluation of Soils," J. Boston Soc. Civil 
^ngrs., Vol. 89, 1957, |>p. 51-83. 
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construction. The working principles involved are the same as in 
naturally emplaced material. Adequate drainage of the fill material 
and prevention of water ingress are just as important in fills as for 
natural deposits. Some railway and highway fill failures have been 
caused by water conducted into the fill by the coarse ballast or road 
base material, sloping downgrade to the fill. Cut-off drains at the 
ends of the fill may save far more than their cost. Other sources of 
water entry often can be discovered and cut off. Provision for drain- 
age and watei exclusion can be more economically and effectively 
installed during construction than at a later date. If fills of capillary 
soil mixtures are to be placed on wet ground, as they so often ate, 
the fill should rest on a gravel base course 8 inches or more thick. 

Before any piogram of remedy for flow or slide is undertaken, a 
survey of the geological conditions that are responsible must be 
made. “Method-selection, where control seems possible, must de- 
pend upon understanding of what is sliding, how much material is 
involved, what its distribution is, and what the causes are. What? 
How much? Where? Why?” ’ 

Prevention is better than remedy. Perhaps a better knowledge 
among engineers of earth movements, a knowledge that results in 
more critical route surveys and more vigilant slope inspections and 
better measures for control of water, is the best basis for prevention. 
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STREAMS 


I N THE HISTORY OF THE EARTH’s I AND AREAS, SO.VfETIMES 

one agent and sometimes another has been dominant in shaping 
the sill face. At piesent the continents are high at.J for the most 
part well dothed with vegetation, glaciers are largely restricted to 
the high latitudes, and the work of running water is dominant. 
Streams are estimated to tarry about 8000 tubu miles of water to 
the seas each year. Thus, the flow of rivers amounts to approximately 
22 X 10" mgd or to some 254 million gallons per second. The devel- 
opment and utilization of stream posver to economic ends have gone 
ahead in most countries; and in .some, particularly those lacking tlie 
mineral fuels, water-power utilization has approached the economic 
limit. Much stream energy is devoted to erosion and transportation 
of sediments. It is inevitable that streams present many practical 
everyday problems. Bridges must be built, and the utilization of 
stream pow’cr, the creation of reservoirs for irrigation, flood control, 
and water supply and the regulation of rivers for navigation and flood 
abatement present engineering problems which are met in every 
state. Some deposits of both past and present streams are economic 
sources of construction material. Conversely, .some stream deposits 
clog channels, fill reservoirs, or damage developed land. The funda- 
mental concepts of stream characteristics and stream action are a 
necessary part of the engineer’s training. 

.Stream Work 

The prime function of streams is to drain surplus waters from 
the lands. In carrying out this function, streams erode valleys for 
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themselves, pick up and transport rock debris, take some material 
into solution, and build deposits of sedimentary materials. Erosion, 
transportation, and deposition, therefore, are the major divisions of 
stream work. 

Stream Erosion. By stream erosion is meant the mechanical or 
chemical removal of material encountered by the stream. To a 
limited extent, streams dissolve rocks, especially those of the car- 
bonate group. This chemical work locally is evidenced by solution 
pits along the stream course. Streams erode, that is remove material 
from their beds and banks in several different mechanical ways 
Although more experimental work must be done and more field 
observations gathered before the processes are fully understocxl and 
reduced to quantitative expression, three ways are suggested by 
which streams may pick up particles. These are by impact, by fiic- 
tional drag, and by hydraulic uplift. 

If a particle is to be removed by impact, the component of current 
force in the direction of dislodgment must be greater than the op- 
positely directed component of weight of the particle. Thus if equi 
dimensional particles are considered, of a shape su^ that volume is 
proportional to diameter (spheres for example) and further, if rough- 
ness of surface of streim bed and particle and specific gravity of the 
particles are considered at least statistically uniform, it can be shown 
that the weight or volume of the particles moved varies with the 
sixth power of velocity: or stated in terms of (particle) size, the 
radius varies with the square of the velocity. Thus, if current velocity 
is doubled, the radius of a spherical particle that can be moved if 
fully exposed to the current is four times that of the similar sphere 
just moved at the lower velocity. According to Ruby,‘ the so-called 
sixth power law (f?* « i/*, where R is the radius and v is the current 
velocity) is more nearly applicable to coarse sand and gravel than to 
fine sediment. 

If a particle is to be moved by frictional drag, the friction be- 
tween the running water and a particle on the bottom of the stream 

’Ruby, W. W., "The Force Required to Move Particles on a Stream Bed,” U $ 
CcologicBl Survey, Profesiional Paper 189 E, 1997, p. 129. 
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must exceed the weight component of the particle opposed to move- 
ment. The fundamental etpiation for this concept, expressing trac- 
tive force per unit area, is the Du Boys formula,* 

r = pSd 

where’ T is the trat tive force, p is the density of the water, S is the 
sine of the slope angle of the water surface, and d is the depth. 
Because this expression eliminates vcltwity, which at the bed of a 
stream is very difficult to measure, it is favored by most engineers 
(oncerned with bed-load movements. For practically all streams, the 
tangent of the slope angle can be considered e.ssentially equal to 
its sine, and the depth-slope product requires only easily made 
measurements. This formula or derivatives from it are applicable 
only to loose material. Ruby® has shown that for experimental data 
analyzed in his study, the critical tractive force concept is more 
nearly true for fine sand than for coarse sand or gravel. 

If a particle is to be lifted by hydrodynamic uplift, the lifting 
force must be greater than the submerged weight of the particle. 
The velocity of stream flow increases upwards from the bottom of 
a stream to a maximum at some distance below the surface, as shown 
in Fig. 18-1. The velocity increase is especially rapid close to the 
bottom. At the points where fragments rest on the bottom, velocity 
is zero and correspondingly, the velocities just above must be greater 
than the average. Thus higher pressures at the base and lower pres- 
sures above the particle result, and the upthrust niay be enough to 
lift it.* 

The preceding discussion has indicated methods by which streams 
may erode their channels in loose materials. Clear water, however, 
has relatively little effect on consolidated rock at velocities ordinary 
in streams. But the abrasive effects of particles carried by the water 
are marked indeed, and the bulk of stream erosion in consolidated 

“A simple derivation of this formula is gi^cn by Matthes in the Transactions of 
the Am, Soc, Civil Engineers, Vol. 100, 1955, p. 845. 

■Ruby, W. W., op, cit„ p. 128. 

■For a discussion of this principle see: Hjiilstrom, F., “Studies of the Morpho- 
logical Activities of Rivers as Illustrated by the River F>ris," Bull, Geol, InsL of Upsala, 
Vol. 25, 1935. pp. 267-270. 
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rock must be ascribed to abrasion. The abrasive effett of a partidt 
on other particles or on bedrock is in propoition to the prodiut ot 
its mass and velocity. The rate of particle movement varies from /cio 
to the velocity of the water cunent; hence, the abrasive ability of a 
stream cannot be expressed as a simple exponential value of velocity. 
The abrasive resistance of particles and of consolidated rcxks, like- 
wise, is variable and further precludes numerical evaluation of abta- 
sive ability. 

Abrasive effects which result from impact and scouring by ni.v 
terials carried in streams are locally noteworthy. Perhaps the best 
known and commonly seen of these are the pot holes found at the 
base of so many waterfalls. In most pot holes there can be iound 
pebbles worn smooth by the ball milling which has cut the hole. At 
some places, gorges have been formed by the coalescence of pot holes 
cut in sequence ai a waterfall has retreated upstream. 

From what has been said concerning mechanical erosion, it i^ 
obvious that the velocity of a stream is a very important factor in 
its effectiveness as an erosive agent. The velocity of the stream de- 
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pends upon slope, volume, and channel configuration. An empirical 
statement is the ChSzy formula, 

V=:CyyRS 

where V is the mean velocity, C a coefficient which varies with the 
the characteristics of the channel (individual for a considered section 
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Fic. 18-2. Fields of erosion, transportation, and deposition for wcll-sorteil sediments. 
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of any stream), R the hydraulic radius, which is the cross-sectional 
area divided by the wetted perimeter, and S the slope. Many efforts 
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have been made to obtain a simple and generally applicable expres- 
sion for the Ch^zy C. The Manning formula, 

V --- R^Si 
n 

where n is the coefficient of rpughness, is in common use. In foot- 
pound-second units this becomes 


n 

which can be considered the Ch^zy formula with C = 

Values for n for use in the Manning formula which are of suggestive 
value are; 


1.486 

n 


R» 


a. Channel clean, straight, no pools 0.025-.03S 

b. Channel with weeds and stones 0.030-.040 

c. Channel with large stones 0.045-.060 

The velocity required to initiate movement, i.e., erosional ve- 
locity or critical bed-velocity, is significantly higher than that re- 
quired to maintain movement. The relations sho^n in Fig. 18-2 
illustrate for uniform .materials the ranges of current velocities for 
erosion, transportation, and deposition. Sufficient data for the 
establishment of similar curves for natural mixtures of grade sizes 
are not yet available. However, laboratory data from a number of 
determinations are summarized in Table 18.1. 

It has been estimated that the erosional velocity is some 29 per 
cent higher than the velocity necessary to maintain bed-load move- 
ment. The finer grades of material, i.e., clays and silty clays, are 
more erosion resistant than loose sands; further data are needed, 
however, on the erodability of fine-textured soils, particularly under 
natural conditions. Table 18.2 presents additional data for non- 
cohesive soils. 

Stream Transportation. The amount of sediment transported to 
the seas each year reaches staggering proportions. A few figures will 
make the point. The Mississippi probably carries more than 
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Tablf 18.1. Critical Bed Vh.ocities for Dii-FiRtNT Gradfs of Debris 


Radius (cm) 

Critical Bed Velocity at which 
Movement Starts (cm/sec) * 

Minimum 

Maximum 

0.0155 

0.0290 

0.0200 

0.0450 

1 

13.7- 

15.2- 

0.0450 

[0.135] 

0.105 

0.175 


[ 17.9 + 

[ 18.0- 
29.7- 

0.175 

0.250 

1 

[ 36.2 + 

[ 36.4 - 

0.250 

[0.370] 

- 

r 44.74 

L 45.9 + 

0.0295 - 

0.668 

1 

35.9 


* Calculated by Ruby from data of Gilbert. 


Table 18.2.* Limit inc Tractive Force (lb./ft.^) 
i-oR Non-cohisivl Matfriais 


^fed^an Si/e, 

(dear 

Light load of | 

Heavy load of 

in mm. 

H.O 

hnc sediment | 

fine sediment 

0.1 

0.025 

0.050 j 

0.075 

0.2 

0.026 

0.052 

0.078 

0.5 

0.030 

0.055 

0.083 

1.0 

0.040 

0.060 

0.090 

2.0 

0.060 

0.080 

0.110 

5.0 

0.140 

0.165 

0.185 


• From E. W. Lane, Trans. Am. Soc. Civil Enfrrs., 1955. 
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730,000,000 tons of sediment per year to the lower delta.” Measure- 
ments over a seven months’ period (January to August, 1027), by 
the Mississippi River Commission showed an average daily suspended 
load of 103,960,000 cubic yards per day, equivalent to a minimum 
of 1,500,000 tons. Although, of course, extension is irregular both 
in time and place, it appears that the delta is extending at an average 
rate of more than 85 feet per year. On every continent but one, 
streams are at work, and the net result is a shift of land material to 
the seas in amount, which, if uniformly derived, perhaps is equiva- 
lent to an over-all lowering of the land surfaces at a rate of about 
one foot in five thousand years. Were it nut lor the internal forces 
of volcanism and uplift, the continents would have been reduced 
long ago to or below sea level. 

The mechanics of erosion have been indicated. Other sources of 
stream load, however, are more important than bed and bank erosion 
by the stream itself. Every rain washes material from slopes into the 
stream. Slope wash constitutes the largest fraction of load of most 
streams. Where banks are oversteepened or undercut by stream 
erosion, flows and slides contribute to the stream load, and ground 
water not only adds volume to the stream but also contributes 
mineral matteri 

From the foregomg, it is apparent that stream loads travel in 
three ways: by movement along the bed, by suspension, and by 
solution. To date no attempts have successfully correlated total 
loads with velocity, discharge, slope, or depth. 

Bed Load. The bed load is that part of the stream-carried debris 
that slides or rolls along the bottom. The competency of a current 
is a statement of its ability to move materials in terms of particle 
size. Thus a stream may be competent to move a sphere of one inch 
diameter. Geologists commonly state that competency varies with 
the square of velocity. Experimental data, however, suggest that 
frictional drag as well as impact contributes to competency, and 
that competency and velcx:ity must have a somewhat different expo* 

'Rutsell, R. J., “Lower Miififrippi River Delta,’* La. Ceol. Survey, Bull. 8, 1936, 
p. 1«. 
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nential relation. Engineers commonly state that competency varies 
with the slope-depth product and, by a derivative of the Du Boys 
formula, calculate the mean size of particle that can be moved. 
By this relation a deep, slow stream of gentle slope is held to be as 
competent as a shallow, swiftly flowing stream of steeper gradient. 
The difference in views is more apparent than real, however, for 
engineers have worked largely on the practical problems of river 
sedimentation presented by alluvial streams of relatively low veloc- 
ities carrying fine grades of sediment in the size ranges where the 
Du Boys formula is reasonably successful. Matthes,® for exam- 
ple, states that those reaches of the Lower Mississippi free from 
shoaling have slope-depth-particle size relations conforming to this 
view of competency. 

Suspended Load. Stream flow is turbulent. There are upward 
currents as well a^ currents in diverse directions that keep sediment 
in suspension. The suspended load of many streams is considerable. 
However, although many streams arc so charged with suspended 
material, both organic and inorganic, as to appear very muddy, the 
pcrceniage by weight of mineral material is generally small. For 
example, the Missouri River (“Big Muddy") seldom carries over 
20,000 parts per million.^ Nevertheless, some large rivers have been 
reported to carry at times as much as 68 per cent bv weight of silt 
in suspension, and mudflow can be considered as a type of sediment- 
charged stream. 

Locally, along a stream, material may travel by saltation, a form 
of travel partly by traction along the bed, and partly by suspension. 
By this method of progression a sedimentary particle describes a 
series of leaps and rolls. 

It has been found that the suspended material of most streams 
constitutes the bulk of material carried. In the Missi.ssippi, for 
example, the ratio to bed load is on the order of eight or ten to one. 
Measurements of the quantity of suspi uded load are more easily 


* Matthex, G. H., op. cit., p. 846. 
^Straub, L. G., Hydrology, 1942, p. 624. 
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and more accurately made than arc the corresponding estimate of 
bed load. 

Dissolved Load. Besides the material carried mechanically, much 
is carried in solution. Part of the dissolved mineral matter is ob- 
tained from the rocks over which the stream or its tributaries flow. 
The larger portion, however, is brought in by the ground waters 
tributary to the stream. 

Quality of Stream Waters. The quality of stream waters depends 
upon the dissolved and suspended material carried. Quality is of 
economic interest because different uses require certain standards of 
purity or place limits upon various types of impitritics, both physical 
and chemical. No handbook of ready reference, setting forth the 
qualities of stream waters, can substitute for specific ejuantitattve 
data gathered at the time and place where needed for the specific 
purpose involved. Qualities of stream water, however, do show 
regional differences which are related to the geological and geo- 
graphical differences of their drainage basins. These differences of 
quality are of interest and significance according to the proposed 
use of the water whether for domestic and drinking supply, indus- 
trial use, for boilers, for irrigation, or for other utiTTtarian purposes 
The following summary presents representative data for regions of 
different types and indicates qualitatively the chemical and mechani- 
cal loads transported by streams within the selected regions. 

Chemical Composition of Stream Waters. As has already been 
shown, the chemical composition of stream waters varies: sti earns 
derive dissolved substances from the ground waters which nourish 
them, from the rcKks over which and through which they flow, from 
the mechanical sediment load which they carry, and from pollution 
by sewage, industrial wastes, and other minor sources. Table 18-3 
presents water analyses of representative streams. 

Analyses 1, 2, dnd 3 are representative of Atlantic Slope streams. 
The headwaters of these streams are generally quite pure; many of 
the streams rise in crystalline rcKk areas. In common with many 
eastern rivers, the composition is modiBed by waste water from pulp. 
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* From Data of Geoehemutyy, F. W. ClarlL 
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paper, and other mills. Note the high sulfate content which is 
largely the result ot (x>Ilution. 

The next three analyses 4, 5, and 6, show the contrast between 
the upper and lowei Mississippi River wateis. Sulfates and chlorides 
increase downstream. In pait, the <hk)rides are due to pollution but, 
together with the sulfates, are deiived in large measure from the 
western tiibutaries. Carbonates, (aliiiim and magnesium, are higher 
than those shown by the eastern seaboard stieams, reflet ting the 
greater abundance ot limestone and dolomite through which the 
waters pass. 

Analysis 7 is one taken from the Rio Grande. The high salinity 
and predominance of alkali sulfates and chlorides ate the outstand- 
ing characteristics of stream watcis of this dry region. 

The last thiee analyses, 8, 9, and 10, are trom Pacific Coast 
streams. The mote northern rivers show an inc lease of calcium and 
magnesium with decreasing sulfate and chloride content. 

Chemical analyses of stieam wateis leflect the influence ol both 
the geology and climates of the regions through which they flow. 
Streams of crystalline lock areas tend to have a low salinity and a 
relatively high silica and alkali content. In the humid regions, lot 
example eastern or northwestern North America, where vegetation is 
abundant, carbonate waters prevail, and calcium correspondingly is 
high. In the drier regions, for example the Southwest, sulfates and 
chlorides are relatively high. The latgei the stieam and the gieatcr 
its drainage basin, the nearer the wateis approach the mean. 

Stream Deposits. Changes in the depth-slope product or in tlie 
velcKity or turbulence of streams result in a variety of stieam de- 
posits. Some of these are useful; some are detiimental. The pi inc i- 
pal stream deposits are alluvial fans, natuial levees and flood plains, 
channel deposits, deposits related to curves, and deltas. 

Alluvial Fans.* An alluvial fan is a stream deposit built where 
the gradient of a stream is abruptly decreased. The deposit has 
roughly the shape of a surface section of a broad cone, apexing 
towards the point where the stream gradient breaks, as shown in 
Fig. 18-3. They are often called alluvial cones. Alluvial fans are 
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Sp€nr§ Atr Phiftos 

Fir. 18-S Alluvial fan. Death Valley. California. 


especially characteristic of regions where mountain slopes rise steeply 
from adjacent plains. They are numerous, theiefore, along many 
of the western ranges. The (oalescence of alluvial fans along the 
lange or mountain front forms composite cones or alluvial aprons. 
In the drier regions many perennial mountain sti earns disappear 
lioin the surface near the apex of the cone to flow through the fan 
material. During times of flotxl, however, the stream, charged with 
sediment, may flow violently down the surface of the fan, gouging 
out steep-walled valleys called arroyos, and bring much sediment to 
the lower pait of the fan. The deposits generally have steeper slopes 
and coarser, more unevenly graded material in the upper portions 
than they do in the lower portions, although for small fans the dif- 
ferences may not be great. 

Natural Levees and Flood Plains. Streams that flow in valleys 
with relatively broad, flat floors often spill out over the banks and 
inundate the bordering lands. Bank zones are flooded first and 
flooded more frequently than more distant parts. Hence alluvial 
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deposits as broad low ridges are built along the banks. These arc 
called natural levees. The lowland areas along the stream, which 
are flooded, also receive sediment. River plains of alluvial deposits 
are built up, merging with the natural levees. These plains of river 
deposit are called flood plains. A profile showing natural levees and 
adjacent flood plains is shown in Fig. 18-4. The natural levees and 
flcKxl plains of large streams are commonly composed of fine sand 
silt, and clay-sized particles. The remarkable endurance of the soiK 
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Fic 18 4 1 ransverse profile of natural levees 

of the great flood plains of the Nile or the Hwang Ho that have 
been under continuous cultivation for many generations is a result 
of annual increments of alluvium. Because of the fertile soils, many 
flood plains are densely populated; perhaps between a quarter and 
a third of the world’s population lives on flood plains !• lood protec- 
tion therefore becomes an engineering problem of high significance 
for these areas. 

Channel Deposits. Channel deposits, called bars or shoals, arc 
built wherever the competency of the stream drops below that re- 
quired by the grade size of particles carried. The velocities and 
depths of streams and the location of threads of maximum currents 
fluctuate for any stream. The cross-sectional areas are not constant 
nor are the volumes or discharges. The loci of erosion and deposi- 
tion, therefore, are subject to shifts and are of irregular disposition 

Bars or shoals are found in the straight reaches between the 
bends of many streams. In these straight reaches, the width of the 
channel often increases; and, in these stretches, the swift water cur- 
rents, deflected from the outside of the upstream curve, cross to 
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impinge on the outside banks of the next downstuam bend. The 
spread and retardation of <iirrents thus localize tlie constnution of 
many river shoals. Other changes in cioss-sec iional area or in chan- 
nel configuration cause local channel deposits During floods, the 
tops of shoals are often built up and the deeps scouied. During 
lower or slack water periods, the shoals aie scouied and the deeps 



Fic. 18-5 Extension of natural levees at the mouth of the Shabo^ma River, Quebec. 

(Canadian OeoloRiral Siiivcy) 


receive sediment. Most channel deposits are therefore the result of 
alternate cut and fill. 

Channel deposits consists of various grades of sediment according 
to the competency of the stieam currents which build them. All 
tend to be lenticular in shape, and all show cioss-bcdding. 

Deposits at Curves. Where a stieam makes a pronounced bend 
or meander, the swiftest currents and deepest water swing toward 
the outside bank. The result is concentrated erosion on the outside 
of the curve and the construe tion of a sltp-off slope, i.e., shoaling 
on the inside of the .curve. The helical flow of streams, illustrated 
in Fig. 18-6, together with turbulent diffusion, caiiies sediment from 
the deep, swift-flowing portion of the stream on the outside of the 
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Fig. 18 6 Helical flow in stream 
(From L. Staub, in ‘‘Hydrology,” 
National Research Council) 

bend to the shallow, slow-flowing, less turbulent waters of the inside 
of the bend where it is deposited. Thus as erosion ruts away banks 
on one side, the opposite side is built out, and the stream migiatcs 
laterally. 

Scour and Fill. On the Fraser River, at Mission, British Colum- 
bia, a 150-foot section of a steel bridge fell into the river betausc 
of a pier failure by scour. A 90-foot hole was scoured adjacent to 
one of the piers during a flood. Subsequently the scour holes weic 
filled with rock and a 10-inch-thick concrete floor laid for the full 
width of the stream 100 feet upstream and 60 feet downstieam.® 
Engineers have long had to contest scour and All changes in 
channels of alluvial streams. From the preceding discussion of chan- 
nel characteristics some inferences as to scour and hll can be drawn 
For many engineering works these phenomena are of signifltance 
and for some are critical. On the basis of gauging-station data, it 
can be shown that frequently the depth of the stream in flood is 
greater than normal flow depths plus the rise of water surface due 
to the flood water addition. This indicates channel deepening during 
the flcxxl stage. Similarly with receding floods, there is a greater de- 
crease in depth than loss of the fl<x>d heights alone. Gauging stations 
however, are commonly situated in narrow segments of the stream 
for convenience in placing cable ways, or on bridges where piers 
induce scour. Where dams have been built— likewise generally in 
narrow reaches of streams— evidence of scour and fill have been ob- 
tained. For example, at Hoover Dam, sawn timbers discovered 50 
feet below the low-water surface and 40 feet below channel bottom 
indicate recent scour and fill at that place. Many other examples 
could be given of deep scour and fill; data from other studies, how- 

* Eng. New* Record, 1956, pp. 70-72. 
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cver-particularly in connection with the filling of reservoirs-indi- 
(ate that such scour and fill is not continuous along the length of 
the stream. Dming flood conditions the deep scoui indicated by data 
from narroev sections where gauging data are takeh is complemented 
by deposition in the straight and somewhat wider and shoaler sec- 
tions. The scoured deep sections tend to be filled during losv-water 
stages following the flood stages, and the aieas of flood deposition are 
eroded. 

Where river sections are constiicted, as by bridge piers or 
meander cut-offs to straighten the couise of the stream, scour may be 
induced and take its toll, especially during flood flosvs. Terzaghi* 
estimates that for every foot of flood rise above normal flow levels 
in alluvial channels scour may amount to thiee or four feet. 

Deltas. Deltas arc deposits built at the mouths of streams. Al- 
though maime deltas are best known, deltas are also built in lakes 
and even may be built where one stream flows into another. Deltas 



Fic. 18-7 Ele\ated delta, used as source toi sand and gravel. Note ripple mark in 

topset beds 


are generally flat-topped and characteristic ally have pronounced 
frontal slopes and lobate outlines. The material of most deltas is 
well sorted, and many deltas arc uniformly graded. If there is a 
difference in grading, the coarsest material is generally found on the 

’Terzaghi, K., "Failure of Bridge Pifis Due to Scour," Pror Itt International Conf. 
on Soils Mechanics and Foundatton En^wt ( itng, V'ol II, Cambridge, 1936. 
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landward side, grading into finer material in the diiertion of deeper 
water. 

Delta building is favored by an abiindanre of sediment in the 
stream, lack of strong waves or currents in the waters receiving the 
stream, a stable water level of lake or sea, and salinity of the sea. 
Salt water acts as a coagulator of the clay fraction of the sediment 
and promotes sedimentation. On the Atlantic seaboard, most of the 
streams run comparatively clear, and the shoreline has been tin 
stable, hence the lack of notable deltas. 

Many deltas are found above the present strand lines of both 
lake and sea. The tops of these are used in establishing the elevations 
of former water planes. At many places, these “stranded” deltas arc 
important sources of sand and gravel suitable for construction (Fig 
18-7). 


The Normal Development of Screams 

Just as the individuals of any organic species (man included) 
normally develop according to the specific pattern, so streams have 
a normal course of development. Indeed, some of the terminology 
describing the stages of human development hSS been redefined 
and applied to suges of drainage development: for example, youth, 
maturity, and old age. Anyone concerned with stream work can 
more easily and analytically approach the problems involved if pos- 
sessed with an understanding of stream development, stream types, 
and the associated features. To this end, the origin of streams, two 
fundamental concepts of stream activity, and the three principal 
stages of stream development are briefly discussed. 

Origin of Streams. No land surface is ever without irregularities. 
The surface runoff flows down the slopes and collects in hollows 
and sags. As a hollow is filled, it overflows its rim at the losvest place, 
and the overfloiv moves downgrade to the next basin. In this svay 
an imperfect drainage system is established. Once a concentrated 
flow of the runoff is established, a valley or gully develops (Fig. 18-8). 
New valleys are developing all the time, and as has been pointed 
out repeatedly, gullying is a real menace to thousands of acres of 
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agricultural land. Gullies extend by headward lengthening and by 
the formation of tributary gullies. Headward extension of gullies 
is explained rather simply by the fact that more water commonly 
runs into a depression at the upslope end than from the side slopes. 
Inequalities of erodability of the soil and irregularities of initial 
slope give rise to the crooks and bends of headward extension and 
to the irregular development of tributary gullies. Most valleys oc- 
cupied by permanent streams have been cut deep enough to reach 
the saturated zone (water table). Once a gully has deepened so that 


3 
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Fir. 18 8 Developmrnt of gtilliei. (V S Soil Comervation Service) 


US bottom is below the saturated zone, it no longer loses water to 
the ground by infiltration but rather draws water from the saturated 
soil or rock. 

Two Fundamental Concepts. Before proceeding further with 
the discussion, it is necessary to present two basic physiographic 
wjnicpts, that of base level, and that of pi >file of equilibrium. 

Base Level. The level which controls the depth of stream erosion 
IS tjllc*d a base level. It is obvious that no stream can cut much 
below the surface of the body of water to which it is tributary In 
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other words, it is normal for a tributary stream to join its master 
stream at an accordant level. The ultimate base level of all streams 
is a level slightly below that of the seas; for except for streams flow- 
ing into the few deep interior basins, no stream can cut much below 
sea level. Lakes and streams serve as temporary base levels for their 
tributaries. Other temporary base levels which affect the course of 
stream development are obstructions to down-cutting encountered 
by a stream The obstructions may be resistant rock strata, dikes, 
sills or othei intrusives, or lava flows or dams constructed by man 
The valley upstream from a temporary base level can be loweicd no 
faster than the temporary base level is cut down: if the valley floot 
is cut down to that level, the upstream section of the stream eventu- 
ally becomes graded with respect to the temporary base level, the 
valley above the obstiuction widens out and takes on a somewhat 
different aspect because of it. 

Profile of Equilibrium (Grade). That streams must have a slope 
to flow over is obvious; they cannot reduce their valleys to sea level 
except in the lower reaches. A stream is said to be giaded or to have 
reached its profile of equilibrium when its slope and volume are m 
equilibrium with the sediment load transportedT This condition 
of balance or equilibrium is with reference to the average-sized ma- 
terial on its bed. It should be recognized that no stream at any 
time or place is ever at grade. Annual and seasonal fluctuations in 
volume and velocity biing about continual readjustments, and down- 
ward cutting never entirely ceases. Grade, or the profile of cqui- 
libiium, then, is an approximate condition of equilbiium only, and 
the scales are weighted in favor of erosion. Downward cutting does 
not cease entirely as the stream achieves grade, but after the giaded 
condition has been reached, the proportion of down-cutting to lateial 
corrasion is greatly lessened. Often confused with grade is the 
term gradient. ^Gradient expresses slope, commonly stated in feet 
per mile. 

The Normal Stream Cycle. Geologists have found it convenient 
to describe the stages of stream development in tciins of the so- 
called stream or valley eye le. The stream “cycle" it merely a rccogni' 
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tion or grouping of stream features commonly associated in the 
course of normal drainage line development. No implication of 
years is to be read into the terms of this cycle. A “youthful” stream 
in hard rock, high above base level or far above the profile of equi- 
librium, for example, may be millions of years old, whereas an "old" 
stream, working in soft material near base level, may be only a few 
thousand years old. 

Youth. Streams above grade, and consequently actively engaged 
in down-cutting, are called youthful. The more rapid the down- 
cutting and the more resistant the rock of the valley walls, the 
narrower is the youthful valley and the more steeply sloping are its 
side walls. In soft rocks, weathering and slope wash reduce the side 
wall slopes, and the valley is more “open." Under either condition, 
however, the youthful stream valley typically has a V-shaped cross- 
section; the V may be quite open, or it may be quite close as in 
gorges or canyons. 

In the early stages of development, the drainage system consists 
of water-filled depressions, lakes, ponds, and swamps, connected by 
streams. As, in the course of time, the depressions are filled by sedi- 
ment or vegetation and the outlets lowered by stream erosion, the 
lake-stream sequence gives way to a more perfected and integrated 
drainage system, and the number and length of tributary streams 
increase. In the youthful stage, also, waterfalls or rapids develop 
wherever sufficient differences in rock resistance are encountered in 
its bed by the down-cutting stream; the weaker rock downstream 
can be incised more rapidly than the resistant rock. The upstream 
deepening is retarded by the temporary base level of the resistant 
rock. Although the great majority of waterfalls owe their existence 
to differences in resistance of adjacent rocks, there are other causes 
for falls and rapids— for example, joints, erosion scarps, or other types 
of slope irregularities. Waterfalls and rapids are found in streams 
above grade; they disappear as the stream cuts down to the profile of 
equilibrium and becomes graded in the engineering sense. In sum- 
mary the characteristics of youth are: lakes and swamps in the drain- 
age line, waterfalls and rapids, and valleys of V cross section. 



438 


GEOLOGY FOR ENGINEERS 


Maturity. When the youthful stream has cut down to an ap- 
proximately graded profile, it is said to have become mature. No 
longer as actively down-cutting as the youthful stream, the effects 
of lateral cutting become relatively more prominent. The outsides 
of the bends are attacked, just as in youth, but more effectively be- 
cause the channel is not being rapidly deepened. The results of the 
lateral corrasion are shown in the smoothing out of the crooks and 
bends of youth and by the development of more or less symmetrical 
loops called meanders. It is a matter of observation that many 
meanders have a radius of approximately seventeen or eighteen 
times the width of the stream The asymmcttical, downstream bulge 
of meanders can be seen on many maps and aerial photos The 
threads of maximum current stay on the inner side of a curve foi 
perhaps a quarter of the loop before crossing to the outside. The 
downstream part of the outside of the meander is therefore most 
effectively worn away, and the meanders migrate downstream in a 
process called sweep. By this process, the spurs are trimmed away 
and the valley walls straightened and widened, as shown diagram- 
matically in Fig. 18-9. 

One of the results of meandering— the cut-off— deserves special 
consideration. By the normal course of meander giowth, the neck 
of a meander may became progressively narrowed and finally cut 
through. In the early stages of the cut-off, a pait of the water con 
tinues to travel around the bend through the old channel; another 
part travels across the neck through the new channel. By decreasing 
the length of the stream, cut-offs increase the gradient. In time of 
flood, more water passes downstream in unit time than previous to 
the cut-off, because of the increased gradient and velocity, and flood 
crests reach downstream more rapidly because of the shorter distance 
the water has to travel. Just below the cut-off, the old gradient 
checks the velocity of the water coming through the cut-off, and the 
decrease in velocity is felt upstream for some distance in the cut-off. 
This velcKity check may cause deposition in tht lower end of the 
cutoff in the stream’s effort to regrade itself. Above the cutoff for 
some distance there is an increase in velocity, and the change of 
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slope is rapidly distributed upstream from the cut-off in alluvial 
material. That part of the water that enters the old meander loop 
has its velocity checked because of the lower gradient and may de- 



IM)sit sediment at .that end of the meander, damming it off. The 
resultant lakes are called ox-bows. It appears from these considera- 
tions that flood danger above a cut-off is diminished because of the 
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increased efficiency of the stream. Those portions of the flcxid plains 
below the cut-off may be more liable to flood damage, however, foi 
not only is more water passed downstream more quickly than before, 
but also the storage capacity of the old channel and its adjacent 
fi(X>d plains are no longer utilized. 

One effect of cut-offs that may reach far downstream is a result 
of the change in direction of the current as it comes out of the t iit-olf 
as compared with its direction when the bulk of the stream flowed 
around the bend. Deflections of the currents may give rise to a 
whole new series of dosvnstream impingement points. Some areas 
previously safe are subjected to erosiem, and some areas presiruisly 
being eroded are no longer scoured; thus new meanders are initiated, 
and old ones change position. In the process, the valley is further 
widened, and coincident with the broadening of the valley flats and 
the growth of flood plains, the slopes of the valley walls are gradually 
reduced by weathering and slope wash. Thus the cross .section be- 
comes one of broadly open V shape with a flat bottom. 

It is well known that many mature (and old) streams are allini.ii- 
ing, i.e., building up their beds as well as their natural levees and 
flcxxl plains. Both borings and surface observation demonstrate this 
to be true. One of the reasons for a built-up, or aggraded, condition 
is the extension of tire stream by delta outgrowth or meander de- 
velopment. Any uncompensated lengthening that reduces giadieni 
and competency disturbs the profile of etjuilibrium which has Ixen 
established with respect to the average size of bed-load particles. 
In many meandering streams, the extensic)n due to meandc-r develop 
ment is not compensated, and the result is upstream alluviation. 'lo 
make this specific, assume a stream 90 miles long with a gradient of 
2 feet per mile. The stream is just able to transport the avciagc 
sized bottom material over this slope. If through delta extension, 
the length becomes 100 miles, the gradient is no longer 2 feet per 
mile but 1.8 feet per mile. This slope does not permit the sedinunt 
load to move as previously. Deposition therefore tx*curs upstream 
until the profile of equilibrium is re-established. Insofar as Icngthe”- 



STREAMS 


441 


ing due to meander growth is not compensated by tut-offs, deposi- 
tion also oetuis to bring the stream up to grade 

A loss of volume bceause of elimatit change or diversion also 
causes deposition if the stream with rcdiutd volunu cannot transport 
us sediment load An interesting example of this is shown in the 
diversion of part of the water of the Mississippi thiough the Atcha- 
falaya River, 190 miks upsticam fiom New t)ileans This natural 
diveision earries an estimated 500 000 second feet of Mississippi flexid 
wattis to the Gulf The Mississippi Ins me leased its slope by dep- 
osition as Its solumc has been dimiiiished by die diversion, at tlie 
same time, the Atehatalaya has flattened its slope as its volume has 
been increased 

In summary, the characteristics of maturity are an approximately 
graded profile, a broad, open cross seetion of flat floor, meanders, 
cut olts tloexl plains, and locally developed natinal levees 

Old Age Not only do the individual meanders shift position, 
but the whole meander belt itself is also subject to migration As 
a result, very extensive flood plains may develop Where the width 
of the flood plains is three or four times the width of the meander 
belt, the stream is characteiized as old The extensive flood plains 
of old age show many meander scars, ox bow lakes which are rem- 
nants of e ut offs, and ox bow swampis 

liecause of the fertile soils and flat topogiapbv oi deltas and flood 
plains, these areas are usually well populated and very productive 
The streams related to these features, there lore arc of particular 
economic significance Indeed, the well being and even existence of 
large populations depend in large measure on the behavior of these 
associated streams It is well, consequently, for the engineer to 
understand the fundamental chaiacteiistus of mature and old 
streams 

Rejuvenation At any stage in the histoiy of a stream, diastro- 
phism may cause changes Uplift may bung the stream above grade 

“Salisbury E F , ‘ Influence of Diversion on the Mississippi and Alchafala) i Rivers, 
Tram Am Soc Civti tngrs . Vol 102 1937 p 75 
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and renew its downward cutting. Meanders then may become en- 
trenched and valley flats left as terraces (Fig. 18-10). Lowering of 
the land relative to sea level may advance a stream in its cycle by 
reducing the amounrof erosion the stream must perform to achieve 
grade or reach base level. Glaciation has rejuvenated the drainage 
of many areas by rearranging the stream, filling valleys, dammine 
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Fu. 18-10. Temoe left by renewed downcutting of stream after uplift. Kennebec 

River, Maine. 


old drainage ways, and causing streams to find new courses. Lava 
flows likewise may cause rejuvenation. 

From the preceding discussion, it may be seen that, although 
subject to interruption, there is an orderly sequence of stream de- 
velopment, proceeding from initial gullies to youthful streams work- 
ing above grade, through a mature stage in which a profile of 
approximate equilibrium has been reached, to the old-age stage of 
wide meandering on broad flood plains. . 

Streeun Types. Streams are cla.ssified in a variety of ways. Besides 
the classification according to the stage in the erosion cycle just 
given, supplementary classifications are in current use in which var- 
ious types of streams are recognized. The two most significant types 
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for the purposes of the present discussion are the consequent stream 
and the subsequent stream. 

Consequent Streams. Streams whose courses are determined by 
the initial surface slopes are termed consequents or consequent 
streams. The surface runoff from rains that fall on a newly uplifted 
ocean floor takes its way to the new shore in courses determined by 
initial slopes. Streams from inland, forced to cross a newly emerged 
bottomland, have the courses of their extensions similarly deter- 
mined and are called extended consequents. Examples of this class 
of stream are abundant along the Atlantic seaboard on the coasul 
plain from Florida to Long Island. 

Subsequent Streams. As stream work p’^ogresses, however, in- 
equalities of erosion resistance may favor certain courses over others. 
Weak beds, faults or brecciated zones, and contacts in many places 
favoi stream valley excavation. For the most part, these weak zones 
discovered and etched out by streams do not coincide in direction 
with the initial land slopes. The weak zones are discovered and 
eroded after, or subsequent to, the development of the consequent 
streams. These streams, adjusted to structural conditions and follow- 
ing weak zones, are called subsequents, or subsequent streams. Be- 
cause subsequents do occupy structurally weak zones, for example 
limestone belts or fault zones, their recognition may be of practical 
significance. 


Drainage Patterns and Textures 

The drainage pattern of an area is defined as the arrangement 
of the streams which drain it. The drainage texture refers to the 
spacing of the streams of an area. Both pattern and texture shed 
some light on the geology of many regions, for structure and rock 
resistance as well as initial slopes influence pattern and texture. 

Drainage Patterns. Drainage patterns have been named accord- 
ing to the general aspect or over-all impression created by inspection 
of drainage maps. The principal patterns are dendritic, trellis, 
angular, and radial. 

Dendritic Pattern. A dendritic drainage pattern is one in which 
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the streams branch and rebranch in a manner similar to that of a 
hardwood tree. Tliis pattern indiotes a unifotmiiy of rock resist- 
ance in horizontal direction, a uniformity that gives to no patticular 
direction advantage over any other. Stiiictural control therefoi<‘ is 
absent. Streams that flow over horizontal sedimentary beds typically 
develop a dendritic pattern, as shown in Fig. 18-11 left. Granite and 
other crystalline rock terrains, also, may differ little over wide ausis; 
the uniformity of resistance is commonly reflected in a demdiitic 
drainage pattern. 

Trellis Pattern. A trellis drainage pattern is one in which many 
of the streams are subparallel and the minor streams which join the 
parallel ones do so at approximately right angles. As shown in hi;) 
18-11 center, a trellis effect is produced. In this pattern structural 



Fic. 18-11. Drainage patterns: left, dendritic; center, trellis; right, angular 

control is pronounced; folded or tilted beds, alternately weak and 
resistant, are safely interred if the pattern is well developed. 

Angular Pattern. The angular drainage pattern is one in which 
angular deflections of stream course are apparent as shown in Fig- 
18-11 right; many of the streams are parallel. The pattern develops 
in rcKks traversed by sets of joints or faults. Streams and their tribu- 
taries seek out the weak zones, and the sharp bends, parallel courses, 
and similar angles made by stream junctions are results of the struc- 
tural control. The pattern somewhat resembles the trellis pattern. 

Radial Pattern. A radial drainage pattern is one in which streams 
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flow outward in diverse directions from a central area, as spokes 
of a wheel radiate from the hub. Radial drainage commonly indi- 
cates a domal structure. Volcanic domes, laccoliths, stocks and «niall 
batholiths, and domally warped sediments are the principal struc- 
tures that cause a radial drainage pattern. 

Drainage Texture. The spacing of valleys in an area, i.e., the 
texture of the drainage pattern, vanes according to the climate, 
slope, and nature of the surface material. All three of these factors 
arc reciprocally effective. Differences of texture, however, within 
a given climatic region, where slopes are known ^topographic maps), 
can frequently be used to detect differences in lithology. 

Studies of floods are assisted by analysis of drainage texture; the 
overland distance that suiface lunoff must travel before reaching 
a drainage way as well as land slope is of significance. The drainage 
texture, or density of pattern, ran be expressed as a ratio between 
the total length of all drainage ways within the considered area and 
the total area considered. In compilation of data, based on some 340 
drainage basins chiefly of the humid northeastern states, the ratios 
range from 0.89 to 3.37 miles per square mile.^* The reciprexal 
of this latio is the average disunce between drainage ways. 

C Innate. The drainage texture, runoff factors being equal, is 
coarser in dry regions than in humid regions The close network 
of gullies in the semiarid badlands, however, indicates the impor- 
tance of factors otfier than climate. 

Slope. In general, the steeper the slopes the closer, or finer, the 
drainage texture. Table 18.4 shows variations of density ratios with 
land slope as derived from analysis of selected New England drainage 
basins. 

Surface. Impervious surface rock increases erosive surface run- 
off. If the impervious cover is soft and easily eroded or gullied, the 
texture is close, and the topography is correspondingly dissected and 
rough. Clay soils in particular can be spotted from many maps of 
humid areas by the intricate pattern of close-textured drainage. 

^^Langbein, W B.. and others, "Topographic Chaiacteristics of Drainage Basins,** 
S. Ceologtcal Purvey Water-Supply Paper 9b8-C, 1947, p. 133. 
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Table 18.4,* Variation of Stream Density with Land Slope 


Range in Stream Density 
(miles per square mile) 

1.00 to 1.25 

1.26 to 1.50 

1.51 to 2.00 

2.01 to 2.25 


Average Land Slope 
(jeet per mile) 

290 

550 

600 

700 


*lioin Langbcin. op. cit., p. 13f. 


Stream Control 

In March, 1913, a disastrous flood in the Miami Valley, Ohio, 
caused a loss of 360 lives and an estimated pioperty damage f)f more 
than $100,000,000; adjacent areas were similarly devastated. As a 
result of the nationally aroused public interest and concern, the 
Miami Conservancy District was established and elsewhere flood 
prevention measures and flood studies accelerated. That continuing 
concern and effort are justifled is shown by the fact that every year 
one area or another of the United States suffers flnant ial and human 
losses because of floods. According to Weather Bureau data, floods 
cost the United States $2,108,000,000 in tKe period from 1902 to 
1937, an annual mean of $59,000,000. In 1937, the loss was $4.’12,- 
000,000. In July, 1951, floods of the Kansas, Osage, Neosho, Verdi- 
gris, and Missouri basins, according to a message to Congress'® from 
the President of the United States, caused a flooding of 30-40,000 
homes, with some 15,000 seriously damaged or destroyed, 20,000 
people displaced, and 30,000 farms flooded with crop losses. The 
physical damage was estimated in this message at a billion dollars; 
the loss of income resulting was estimated at another billion. 

The design, construction, or selection of flood-control measures 
lies in a specialized branch of engineering outside the province of 
the geolo^st. The following brief remarks on flood-control meas- 
ures, however, will perhaps suffice to emphasize some geologit al 
principles that have been presented. The methods are; construction 


**Tniiiian, Harry, "Message i« Congicss,” Aug. 21, 1951. 
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of levees, meander cut-offs, channel improvement, reservoirs, and 
diversion. 

The tormaiion of naiiiial levees has alieady been incluattil. At 
many places and for many years, increasing tlic height of natural 
levees has been the principal method of securing flood protection. 
Levees confine a stream to its channel and increase the velocity. 
This promotes scour in the leveed section and increases the efficiency 
of the stream above the leveed section because in alluvial material 
the increased j|||pdient caused by the scour is rapidly distributed 
upstream. Any upstream improvements which increase the efficiency 
ot the stream must be balanced by increased levee heights or other 
improvements downstream. Streams that normally aggrade their 
bottoms, levees, and flood plains tend to assume more and more 
unstable positions. At many places, adding to the heights of natural 
levees is an attempt to maintain an unstable condition radier than 
to improve it. Locally flooding of lands adjacent to a stream may 
do little damage. Weak places, or “fuse plugs," in levees at these 
locations permit the storage use of these areas to alleviate danger- 
ously higli floods. 

Naturally (occurring meander cut-offs have been described. Within 
recent years, man-made cut-offs have been constructed to straighten 
rivers and increase their efficiency. An interesting and significant 
series of cut-offs on the Mississippi River has recently been com- 
pleted, as shown by Fig. 18-12. Because of the difficulty of comparing 
floods, it is too socm to state quantitatively how effective these have 
been, or what their effect has been on the regimen ot the river. It 
would appear that good engineering piactice calls for the mainte- 
nance of channels into the old meander Icjops that are cut off in 
this type of river improvement. By permitting part of the Hood 
waters to pass around the old bends, some reservoir effect is secured 
and flood peaks are somewhat lowered. 

Dredging to improve channels is necessarily practiced at many 
places, particularly w'here navigable channels must be maintained. 
Dredging, by itself, however, as a flood abatement measure is a 
never-ending and almost always losing struggle. Training walls and 
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FiC 18 13 A segment of the Missouri Rivci lieforc improsement 


jetties are also (hannel imprintmtnf measuies These stnutiires 
direct the currents away fioin vulnetahle banks and ha\e been suc- 
cessfully used at some places to aid in maintaining channels (Figs 
18-13 and 18-14). 



Fie 18 14 Same segment as in Fig 18 13 after improvement (These photos by the 
t S Army Corns of Lnginecrs appeared in Civil fnginreiing, 1946, accompanying 
an article by Col D B Fiecman) 
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Reservoirs or retention basins contrast with the mctlKKls sno. 
gested in the preteding paragraphs which were diretiecl toward 
increasing the efficiency of the stream and hastening the passage ol 
flood waters downstream. Retarding or retention basins art in tin- 
opposite direction— they withhold water and regulate flows, hi 
nature, lakes, swamps, and flood plains serve in this capacity. 'Hu- 
St. Lawrence River, regulated by the storage basins of the Gre.it 
Lakes, has only a 20 per cent greater maximum than minimum flow, 
whereas the Missouri River, not so regulated, has a maximum dis- 
charge over 2900 per cent greater than its minimum. Man-in.ade 
reservoirs, however, are particularly adapted to the small streams; in 
small watersheds, especially those subject to sudden violent stoinis, 
reservoirs serve very effectively. But foi most l.irge streams, lescivoiis 
are not practical. Six reservoirs in the headwater region of the Nfis 
sissippi, with a storage capacity of 97 billion cubic feet, lose efleci 
less than 100 miles below St. Paul. To prevent floods of the Mis- 
sissippi in the vicinity of St. Louis or below, it would be neiess.ii> 
to have a retarding basin of some 5000 to 10,000 sc|uaie miles in 
area, 10 to 20 feet deep. 

Diversion as a flcjod control measure i« for the most pait of 
limited application. Although several notable diversions have Iteen 
constructed in this country, they have seived other pin poses th.in 
that of flood control or abatement. 

Diversion for flextd control means simply opening up a new exit 
channel for a part of the stream flow. By such the velocity of Him 
just upstream of the diversion is inc leased because there is an in- 
crease of new channel capacity equal to the flow through the diver- 
sion channel. At the head of the diversion channel, velcKity is de- 
creased because of the divided flow. Tractive tone is thus rcchued 
by diversion below the diversion point, with probable choking of tlw 
channel by deposits as a result. The engineeiing problem is to plan 
the diversion in such a way that the capacity of the main channel is 
not choked up with sediment as a result of the diversion and flocKliii'’ 
hazards are not thus made greater than before. At the same time, the 
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diveision channel likc%vise must have a regimen of balance between 
velocity and load supplied so that it will continue to be effective. 

To date the most noteworthy attempt to abate flood heights by 
diveision is the Morganza Flood way, designed to steal 600,000 cfaof 
the Mississippi River water, and pass it through the Atchabilaya 
River into the Gulf of Mexico. This is controlled by a weir to divert 
the water from the Mississippi at the 55-foot flood stage. The de- 
gree of success of this structure in reducing flood damage below the 
diveision cannot yet be estimated. 

From the brief remarks just made on the methods of flood con- 
tiol. but more especially from the preceding consideration of stream 
action and development, some of the tompleoiies and difficulties of 
river engineering are apparent. Engineers are currently and will 
continue to be challenged by the problems of streams and in par- 
(KuUi by the flcxid menace for years to come. 
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CHAPTER XIX 


DAM SITES AND RESERVOIRS 


Dams must stand. Not all of them do, and there are all 
degrees of uncertainty about them. Reservoirs must hold water. 

Not all of them do, and there are many ways by which water 
may be lost. The work must be done safely as a construction 
job. Not all of them are, and there are many sources of Han gar. 

The whole structure must be permanent and the work has a 
right to be done within the original estimate. Not all of them 
are, and there are many reasons for their failure or excess cost, 
most of them geologic or of geologic dependence.^ 

A lthough the geological investigation of dam sites 
. is usually delegated to a competent and experienced geologist, 
engineers engaged in dam work must have a thorough understand- 
ing of the geological principles involved in order to collaborate 
effectively in the geological investigations; to choose wisely between 
alternative sites, for although geologic conditions are only one group 
of factors which determine final choice of site, they are among the 
most significant; and in order to make best use of the geological 
findings in both design and construction. 

The reasons for delegating the exploratory work to professional 
geologists are not far to seek. The failure of a large dam causes 
widespread disaster downstream, a disaster which may involve the 
property and lives of hundreds. The engineering staff and in par- 
ticular the chief engineer are charged, therefore, with serious respon- 
sibilities. The geological problems of some locations are many and 
complex, requiring highly skilled professional analysis. It is prob- 

* Berkey. C. P., "Responsibilities of the CeologlM in Engineering Projects," Tech, 
t‘»p«r 2/5, A. 1. M. E., 1929, pp. 8-9. 
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ably true today that most dam failures happen not because of faulty 
design of the structure itself but because of geological conditiotui 
which were not fully comprehended in advance. Thus, poor founda- 
tions and inadequate spillway provisions are responsible not only (or 
failures, which fortunately arc rare, but also for near failures and 
much excessive cost. Neglecting economic factors, probably the most 
adverse dam sites could be safely and successfully utilized through 
engineering skill and ingenuity if sufficient advance information n 
available. In addition to the preceding reasons for careful and c om 
petent studies of proposed sites, changes in the stream regimen that 
may be caused by regulation of its flow must be considered. Possible 
effects of water table changes about the dam, likewise, must be 
anticipated. 

It is obvious, therefore, that as complete a knowledge as possible 
of the natural conditions prevailing at the dam site, including char 
acteristics of the materials, the water table conditions, and the e\ 
pected fluctuations of stream flosv, must be assembled before design 
or construction. Alternative sites must be tarefully sought, and the 
site finally chosen must represent a balance of economic factoit 
among which geological conditions rank high. The most favorable 
sites have already been used or are being built upon. Construction 
in the future inevitably must meet increasing difficulties; precedent 
geological explorations must be thorough. But, however complete 
a geological report, to be of any value it must be used by engineers 

Because of the new exposures and more complete data available 
to the geologist during the construction, geological observations 
should continue during the construction period. This gives a check 
on previous inferences and often results in anticipation or apprecia 
tion of geological factors not disclosed in the preliminary explora- 
tion. 

Typfs and Purposi-s of Dams 

Dams are barriers constructed to impound water for various 
purposes. The principal uses are to provide stream regulation and 
storage for community or industrial water supply, power, irrigation. 
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flood control, regulation of stream sediment load, and for inland 
water traffic. Although at the present time many multiple purpose 
dams are built, the diverse uses may be antagonistic. For example, 
a reservoir intended for use as a flood control measure should be 
nearly empty just preceding a flood, whereas a reservoir used to store 
water for power must yield a steady flow. If the two purposes are 
to be combined, the reservoir must have a capacity adequate for the 
storage of the flood waters in excess ot the normal requirements for 
power. This calls tor dams larger than required for either purpose 
by itself. 

The principal classes of dams are earth or rock-fill and masonry. 
The choice of earth or rock-fill type depends upon foundation, 
sources of material, and always upon the economics of the project. In 
general, earth or rock-fill dams are used where the underlying ma- 
terial IS too weak to suppoit a masonry dam and the rock strong 
enough to support the load is too deep. It impervious rock at the 
dam site is not too deep and is strong enough to support a masonry 
structure, either a masonry dam or earth dam might be built. The 
choice would be a result of economic analysis. Earth dams are of all 
sizes; the largest one to date is the famous Ft. Peck, Wyoming dam, 
which is 4i/^ miles long, 4000 feet thick at the base, and 250 feet 
high. During its construction a slide involving some 5,000,000 cubic 
yards of emplaced earth took place.^ Earth dams may be homogene- 
ously impervious, or may have impervious cores or facings. Masonry 
dams require sound tight rock at an economically attainable depth. 
The principal types of concrete dams are gravity, arch, and buttress. 
Both earth and masonry dams require economic sources of suitable 
material for their construction. 

Geological Examination of Dam Sites 

In the preliminary stages of a project, both reconnaissance and 
detailed surveys of dam sites are made. In the first place, prelimi- 
nary or reconnaissance surveys determine the most favorable loca- 
tions. Generally the preliminary survey narrows the choice within 

* Engineering News Record, Vol 12S, 19S9, p. 681. 
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the considered area to relatively few sites. Following the reconnais- 
sance. detailed surveys of the alternative sites are made to determine 
the final location and as quantitatively as possible the geologic con- 
ditions that will be encountered in construction. 

Preliminary Surveys. Topographic maps or aerial protographs 
esublish the topographic areas or limits of exploration. The pre- 
liminary survey is aimed at the discovery of outstanding advantages 
or defects of topographically suitable legations. To this end are 
gathered data on lithology of both consolidated and unconsolidated 
rock, structure, physiography, and ground water. 

Lithology. The identification of rock types exposed should be 
detailed enough to permit comparisons between the types at the 
various localities examined. Without detailed laboratory studies, 
relative strengths and permeabilities, nevertheless, can be estimated 
roughly; if detailed investigations of certain rock types or forma- 
tions are needed, that fact can be established. Examination of thin 
sections of the rock types under the microscope aids in this part of 
the work, although much can be done megascopically. The degree 
and kind of weathering displayed, and the nature and origin of 
unconsolidated deposits, should be determined as far as consistent 
with the purpose of the reconnaissance. The lithologic investiga- 
tions should indicate possible sources of construction material as 
well as foundation and abutment conditions. 

Structure. Structural observations should include the major 
structural elements at each location and a determination of the 
modes of occurrence of the rocks. Joints, faults, foliation, and bed- 
ding should be noted carefully and the spacing and attitude of these 
structures should be recorded. 

Physiography. The general physiographic features should he 
noted; shapes and types of valleys, gradients and stages of develop- 
ment ar« useful data. The physiographic evidence often helps in 
interpreting structure and lithology. Terraces, if present along the 
valleys, are often useful in establishing pertinent data relative to the 
project, since their origin, whether from uplift, meandering, struc- 
tural control, glaciation, or landslide, is significant. In this stage 
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of the exploration, physiographic methods may indicate, at least 
relatively, expected depths to bedrock in the valley. An old-time 
rule-of-thumb method, based on the characteristic "V” cross-section 
of youthful stream valleys, has frequently given an approximation 
of the depth to bedrock beneath valley fills. By this method a pro- 
jection of the bedrock slopes of the valley walls is taken as an ap- 
proximation of the rock cioss-section of the valley. Another method 
that may give an indication ol depth to bedrock is a study of the 
gradients of the tributary stieams. 1 his is based on the principle 
that tributaries join the main stream at an accordant level; hence, 
if at a recent time the main stieam was working at a lower level than 
at present, the gradients of tlie tributaiies may indicate it. In the 
glaciated regions of the United States and Canada many buried or 
filled gorges exist. Because of the glacial derangement of drainage, 
many streams occupy pieglacial \alle\s only in a part of their courses. 
It is obvious that physiograpliic obsersations may be of qualitative 
assistance during the leconnaissancc. 

Ground Water. Obseivations on ground water conditions are 
valuable. Springs, wells, both permanent and ephemeral streams, 
swamps, sink holes, solution cavities, or other evidences aid in estab- 
lishing the water table and effects of ground water on the rcKks of 
the region. 

Detailed Surveys. The lapidly made obst rvations of the recon- 
naissance commonly bring to light defects disqualifying some of the 
sites. With further exploration therefore d'lcctcd to the more lavor- 
able sites, the next step is to make detailed studies of these with the 
purpose of answering as specifically as possible the questions of suit- 
ability of the site. The primal y questions are: Are there geological 
conditions that will affect the stability and success of the dam or that 
require special precautions during excavation and construction? Are 
the rocks strong enough and impermeable enough for a successful 
dam? What is the depth to bedrock? 

Lithologic and Structural Study. The preceding discussion has 
already indicated the general types of observations that should be 
made. At the sites selected for further study, commonly the first step 
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is to make a detailed surficial map. The lithologic types must be 
carefully mapped and studied in the field, and the thicknesses and 
succession of beds, flows, or minor intrusions determined. Samples 
should be taken for laboratory tests of strength and petmeability 
and for the preparation of thin sections tor microscopic study. The 
laboratory studies, supplementary to the field work, are of highest 
importance for some types of lithology, namely, the unconsolidated 
or the weakly consolidated sediments. 

(Coincident with the lithologic mapping and study, structures 
are mapped. Structural studies include mapping the attitude oi 
beds, joints, faults, shear zones, and cleavage planes. The sparing 
and minor features of structures should be noted, inwfar as they beat 
on the problem at hand. The weathering of the rock should he 
noted and the characteristics and localization of the weathered ina 
terials determined. 

At this stage of the examination, preliminary cross-sections aie 
drawn across the valley. The drawing of the cross-sectirms brings 
out clearly where more information is necessary. For whereas in 
much geologic work cross-sections are often based in large pait on 
inference, engineering work requires that 'the work be checked and 
that the gaps filled in by inference must be so small as to leave no 
chance for major error. 

After the surficial investigations, a drilling program can be 
planned to obtain supplementary geological data, and drill holes 
spotted which will yield the maximum information. Core drilling 
^ is the most satisfactory drilling method, and shot drilling is prefer- 
able to diamond drilling because of the sensitivity of the former in 
detecting open joints and cavities. Cores should be carefully pre- 
served in their original sequence and accurate records kept of the 
drilling: especially should water losses be noted. Unfortunately, 
core reqpvery is highest for sound rock types and least for soft or 
fractured rock. Cracks and openings do not appear in the drill cores. 

Water under pressure is often forced into exploration holes to 
obtain information on openings. Grouting of drill holes gives similar 
informatitm. Grout should not be forced in under too high pres- 
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sures. Mead * estimates that about one pound of pressure per foot 
of depth is a safe maximum. 

Large holes which can be drilled up to 36 inches or more in 
diameter are often used because they permit thorough inspection 
of the rock in place. The cores can be handled by bulldozer, Fig, 
19-1. Locally, because water entering the hole makes trouble, small- 



^i< 19 1 Com ot thriomite extiacied from the 36 inch calyx core drill holes at Norris 

Dam (Ingersoll Rand) 


diameter holes are drilled and grouted either inside or outside the 
area of the large hole before the latter is put down. If this is done, 
the engineer or geologist lowered into the hole can examine not 
only the rock but also the action and penetration of the grout. 

A systematic search for suitable construction material for the 
dam is an important part of the survey. Because ot the large volumes 
lequired for many projects, excessive haulage or import of material 

* Mead, W. J , “Geology of Dam Sites in Hard Rock,” Ctvtl Fngmeenng, Vol 7 
1937, p, 331. 
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might be prohibitively expensive. If necessary, (juarry sites should 
be chosen as sources for crushed stone. The engineer must know 
locations of material sources, and also their qualities and volumes. 

Geological Characteristics of foundations and Abutments. The 
physical characteristics of the foundation and abutment rock must 
be carefully determined. A very concise and able summary of these 
characteristics has been given by Warren J. Mead.^ Particular atten- 
tion should be paid to those factors which bear on the success of the 
dam. The strength of the rock, its structure and permeability are 
the important items. For purposes of the discussion which follows, 
rQ.,ks can be divided into five main groups: the strong massive roiks, 
cavernous rocks, thin-bedded sediments, weak rocks, and the unton 
solidated rocks. 

Strong massive rocks. Dam sites underlain by fresh igneous in 
trusives, granite, monzonite, syenite, gabbro, and other varieties art- 
strong enough to support any load imposed upon them. The problem 
is to determine possible avenues of excessive percolation. Shatter or 
shear zones may be present; often the structurally weak zones are 
marked by decomposed rock. Joint systems may be sufficiently open 
in the surface zone to require grouting. T"he fresh rock surfaces of 
these types bond well with concrete and require no special treatment. 

In this category of foundation and abutment materials are in- 
cluded also thick massive lava flows. Many lava flows are complexly 
jointed; it may be necessary therefore to excavate and grout a 
portion that permits too ready circulation. Some flows are scoriace- 
ous, or vesiculated. If the vesicules have been plugged with mineral 
matter, the rock is satisfactory. Vesiculation should be carefully 
noted in the study of volcanics. 

Included also in this category of strong rcKks are the gneisses, 
schists, phyllites, slates, and quartzites if in a fresh condition. These 
rocks, as the igneous rocks just discussed, are strong enough to sup- 
port great loads and the principal question is to determine whether 
or not structural zones are present along which percolation may be 
excessive. Faults and shear zones may be discovered, and fracture 

*Ibid., pp. SSI-S34; 392-395. 
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cleavage often localized in thin zones may require special attention. 
The fresh surfaces of these rocks give a good bond with concrete and 
require no special treatment other than cleaning. 

Whether or not conglomerates, breccias, and sandstones are also 
included in this category ol strong massive rocks depends upon the 
degiee and character of cementation. The common cementing 
agents are calcite, silica, iron oxide, and fine elastics. If the rocks 
are thoroughly cemented by (]uartz, calcite, or other mineral cement, 
or by thoroughly indurated clastic cement, they have adequate bear- 
ing capacity for the heaviest loads. If they are cemented with fine 
clastic sediment, clay, or mud, caie should be taken to determine 
whether or not they will soften on prolonged contact with water 
under pressure. If the rcKks of this group are only partially cemented 
with calcite or silica, their bearing stiength may be adequate, but 
they may be excessively permeable. Shaly oi argillaceous layers or 
seams in these rcxks should be given careful attention since slips 
might occur along them. 

The (averiwus rocks. As was noted in the discussion of ground- 
water movements, two types of rexk are excessively permeable at 
many places because of the presence of cavernous openings. These 
aie the carbonate rcxks and vesicular or scoriaceous lavas. 

Limestones, dolomites, and their metamorphic equivalents, the 
marbles, arc the only common locks that arc excessively dissolved 
by subsurlacc water. These carbonates frecjuently have cavernous 
stiuctuies and solution channels which allow free circulation of 
water (Fig. 19-2). In the study of carbonate rocks, therefore, care 
should be taken to deteimine whether or not solution openings are 
present; they are always suspect. Neglect on this score gave rise to 
an expensive object lesson in dam site studies, the Hale*s Bar Dam 
of the Tennessee River.® During the excavation for this dam so 
many solution cavities were encountered that completion of the dam 
was long delayed and costs were excessive. About 5000 tons of 
cement were used in grouting open cavities. After the dam was in 
nse, it leaked too much. Ten years after completion, and after a 

^Engineering News Record, Vol. 96, 1926, p 798 
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varied program o£ unsuccessful attempts at remedy, leakage was 
finally reduced to an acceptable rate by introducing hot asphalt into 
a large number of drill holes. More than 1 1 ,000 barrels of asphalt 
were used. 

Limestone, dolomites, and marbles commonly weather into clay 
as a result of the accumulation of insoluble clay sized impurities 
which were present in the original sedimentary deposit. At most 
places, there is a rather sharp break between the weathered and un- 



Fig. 19-2. Leaky and cavernous Hmestone at the Great Falls Dam Site, Caney Fotk 

River, Tennessee. 


weathered rock. Beneath the weathered mantle, the surface of the 
bedrock is often highly irregular. This condition of surface adds 
considerably to the labor of preparing it for a large structure. Well- 
consolidated carbonate rocks have a good bearing capacity except 
where too cavernous. They bond well with concrete. 

Scoriac$ous lavas are here classed with the cavernous rocks, for 
although the cavernous op>enings may not be large, the rock is often 
excessively permeable. Both top and bottom contacts of flows should 
be carefully appraised, for in addition to vesiculation cavities, which 
are commonly localized in the upper parts of flows, irregular cavities 
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at the contacts of two flows or at the basal contact of lava that has 
flowed over other rock types are very common. 

Thin-bedded sediments. In many regions, sedimentary’ beds vary 
rapidly in vertical section. Shales, sandstones, and limestones are 
found intercalated in a succession of thin beds. Many individual 
beds measure from less than an inch to a few inches in thickness. 
An example of lithologic variation, both vertical and horizontal, is 
shown in Fig. 19-4, from the Mississippi Geological Survey. Care 



must be taken to determine the characteristics of the beds, particu- 
larly after prolonged soaking. The toarse textured layers and lime- 
stones may be too permeable. Whereas the beating strength of the 
series may be found adequate, the possibility of sliding along bed- 
ding planes or joints caused by downstream thrust of the dam should 
be considered. Weak shaly or clayey layers dipping at low angles 
downstream may serve as slip surfaces. At some places it is necessary 
to strip off a shaly bed to get a good bonding surface for concrete 
structures. Elastic deformation of the foundation under the proposed 



Mead* recognizes two types of shales: those that have been con- 
solidated by compaction under load, but with little or no cementa- 
tion; and the cemented type, which in addition to compaction have 
become cemented or “set up.” There are, of course, all gradations 
between these types. The compaction diales and some volcanh 
tuffs tend to slake. Poorly cemented argillaceous sandstones and cun 


•Mead, Vf. J.. op. eit., p. S92. 
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glomerates also share this teiidemy In the dry state many rocks 
consolidated by tompatuon give gfxxi stiength tests and appear ade- 
quately strong. After soaking, however, many aie found to be too 
weak to support heavy loads. The .San kiantisquito Dam failure, 
Califoinia, illustiates this point. I his dam, completed in l‘J26 to cre- 
ate auxiliary water storage for the City of Los Angeles, was of the 
giavity type, 700 feet long and 200 feet high Pan of the dam rested 
on schist and part on an aigillaceous eongloincratc with thin sandy 
and clayey inteibeds. The contact between the two formations is a 
fault along whieh no apparent movements have taken plate in recent 
times. When placed in water, the conglomerate slakes down to a 
weak mass. Wet tests apparently were not made, however, piior to 
construction. Two years after the completion of the dam, when the 
reservoir was hnally hlled, leakage thtough the conglomerate oc- 
euiicd and the dam failed disastrously. 

The cemented shales have greater bearing strength than the 
compaction shales and are less likely to fail by flowage. Many are 
weak in shearing resistance, and many aie relatively elastic. Flastie 
deformation under laige load is a possibility that should be explored 
in advance of design and allowed for it tests show that it must be 
anticipated. 

If concrete is to be placed on compaction shales, every precaution 
should be taken to prevent drying out of the prepared surface, as 
little time as possible should elapse between pieparation and pour- 
ing the concrete. Otherwise, the partially dried surface layer tends 
to slake into mud at the base of the concrete. The siit faces of 
cemented shales need no special preparation other than removal 
of weathered or decomposed material. 

Unconsolidated rock. Many dams are built on unconsolidated 
material. Coarse sand and gravel, although permeable, have gcxxl 
hearing strength. The silt deposits of most flood plains are IcKwely 
Packed; hence adequate provision must be made for diainage in 
order to prevent plastic deformation. Many shales are compactible. 
If the water cannot escape rapidly enough to meet the demands of 
loading and compaction, it must carry part of the stress and in so 
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doing endanger* the stability of the foundation. Tlie fine sands and 
silts of river deposition offer some of the most difficult problems of 
foundation engineering. Clays are inherently plastic and constitute 
dangerous foundations. The bearing strength of clays should be 
carefully investigated at every location where heavy loads are to be 
superimposed. 

If the permeability of the underlying material is greater than 
allowable, sheet-piling or other devices are installed and an impervi 
ous apitm carried upstream. The object of these devices is to in- 
crease the distance the water must travel through the permeable 
material under the dam so that its velocity is reduced to a safe figuie 
Bryan ^ estimated that the percolation factor, which is the ratio of 
length of travel of the water through the pervious material to the 
height of water behind the dam, ranges from five to six for gravel 
to twenty in open-packed sand, in successful dams. If the materiaU 
were homogeneous throughout the cross-section of the valley beneath 
the dam, the piercolation factor could be worked out exactly. How 
ever, because of the heterogeneity of materials and variations in 
permeability, approximations only are possible, and a generous 
safety factor is advisable. 

Depth to Bedrock. The accurate determination of the rock pro 
file along the axis of the dam is called for. If bedrock is not exposed 
continuously along the section, its depth must be inferred within 
close limits of accuracy from data furnished by propierly placed test 
pits, trenches, rtxi soundings, drill holes, or by geophysical explora- 
tion. The principal role of the geologist in this exploration is to 
locate those places where the most information at the least expense 
can be obtained that will serve the purpose. At many places, the 
geological examination will reveal areas that might be overlooked 
in an redirected exploration program where supplementary infor 
mation is necessary. An illustration of this point is one sand and 
gravel-filled stream gorge more than 100 feet deep and less than 50 

* Bryan, Kirk, ‘‘Problenu Involved in the CeoIof|ic Evamination of Sites for Dams,' 
Tech. Pub. No. 215, A. I. M. E.. 1929, p. 16. 
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feet wide which was discovered after the design was completed, con- 
tracts let, and construction of the dam under way. 

Test pits and trenches. Test pits and trenches are limited to 
places where the overburden is relatively thin. Although this method 
of exploration is frequently overlooked in dam site exploration, it 
IS an excellent practice where feasible, even with the help of crib 
bing or timbering, for the bedrock can be examined in place. 

Rod soundings. Rapid determination of the thickness of the 
unconsolidated material is frequently made by the driving of steel 
sounding rods. The drawbacks of the method are that the character 
of the material penetrated can only be guessed at. and boulders may 
be mistaken for bedrock. For these reasons the use of sounding rods 
is of limited value. 

Drill holes. Although progress has been made in consolidation 
or treeziiig of unconsolidated material to permit core drilling, anger- 
ing or wash boring is the general practice. The drill samples should 
be saved for examination. Pulverized samples are of limited value, 
however, as they incompletely represent the material penetrated. 
Care should be taken to penetrate bedrock far enough to insure that 
a boulder has not been mistaken for ledge. In wash boring, this 
means a change of drilling method or relocation of the hole. 

Geophysical methods. The determination of depth to bedrock 
has been successfully made in recent years at many places by the 
application of geophysical methods of exploration; and it is probable 
that these methods will be increasingly useful and used in engineer- 
ing practice. A brief discussion of geophysical methods is given in 
Chapter XII. 

Reservoirs 

More than one dam has been built subsequently to be abandoned 
because the reservoir proved to be excessively leaky. The reservoir 
basin must have an effective storage capacity. Excessive silting has 
reduced or nullified the value of many dams. A useless dam is a 
monument to the builders, but has little other value except perhaps 
that of an object lesson to professional colleagues. Studies of reser- 
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voir sites, therefore, are directed to consideration of probable water 
losses and to probable silting. 

Water Tightness. 1 he degree of water tightness necessary to a 
successful reservoir varies. Dams built for flood control may be 
effective even it the reservoir is very leaky. The seasonal distribution 
of precipitation and run-off is also to be considered. A highly leaky 
reservoir may be satisfactory m an area where run-off is evenly dis 
tnbuted throughout the year, whereas a reseivoir basin with tiic 



Fig 19 5 Re8er\oir leaks because of water table position. 


same rate of water loss may be of little value in an area where runoff 
is seasonally deficient. 

What has been said of permeable rock types in preceding sections 
does not need to be repieated here. A low water table in cavernous 
limestone, vesicular lavas, or coaisely granular materials constitutes 
a hazard to maintenance of the desned flow line in the reseivoir 
(Fig. 19-5). Although leaky foundations and abutments may be made 
suflit icntly watertight by grouting, a leaky reservoir of much volume 
tannot be grouted economically. Natural clogging of openings by 
sedimentation, however, may diminish leakage over a period of time 

The construction of a dam raises the water table behind it. If 
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the flow line of the reservoir overtops the ground water divide be- 
tween the reservoir and an adjacent depression of the water table, 
leakage may be expected, as is shown in Fig. 19-5B. 

The Silt PTobl^tfim If sedimentation continues at the present rate, 
one fifth of the nation’s water supply reservoirs will be useless within 
fifty years. It is further estimated that within a century more than 
half of them will be so silt-filled as to be useless. Table 19 1 shows 
the results of just one series of flootls in the spring of 19.^8 on some 
of the small reservoirs of Los Angeles County 

Table 19.1.* Loss of RrstRvoiR Capacity, Los Angiifs County, 

Spring 1938 



Loss of 

Capacity 


Capacity 

Lost 

Reservoir 

{acre-feet)^ 

(%) 

Pacoima 

500 

8.9 

Big Tujunga 

1520 

24.4 

Devil's Gate 

984 

24.6 

Big Santa Anita 

327 

32.2 

Puddingstone Division 

78 

64.5 

San Gabriel No. 1 

5202 

9.7 


• engineering News Record, Vol. 122, 1939, p. 16 
1 1 acre-fool z= 43360 cubic feet. 

The costs of sluicing operations carried on in the same county dur- 
ing 1941-1943 are shown in Table 19.2. 


Table 19.2.* Sluicing Operations, Los Angeles County, 1941-43 


Reservoir 

Stream Flow 
(acre- feet) 

£st. Debris 
Moved (cubic 
yards) 

Toul Ex- 
penditures 

Cost per 
Cubic Yard 

Big lujunga 

7597 

907,200 

85,256.01 

100058 

Eaton 

1100 

66,150 

32330 

0.0049 

BeviPs Gate 

11,037 

1.135,930 

3113 98 

00027 

Sawpit 

956 

199,240 

4850.46 

0.0244 

Sierra Madre 

1744 

48,390 

1800.34 

0.0370 

Big Santa Aniu 

966 

235,390 

1825.88 

0 0078 

Gabriel Na 2 

702 

169,880 

S594J>8 

0.0330 


• Engineering News Record, Vol. 132. 1944, p. 42. 
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Data on the silting of laigcr reservoirs, as measured over pcTiods of 
years, are given in Table 19.3. These data indicate the magnitude 
of the silt problem in several parts of the United States. On the basis 
of economic studies, the United States Department of Agriculture** 
estimates that the silt damage done to reservoirs in the United States 
is not less than $10,000,000 a year and may be as high as $50,000,000 
a year. As J. C. Stevens ® said: “It is unfair to sit smugly complacent 
and to pass this problem flippantly on to future generations. 'I'he 
engineer should be equal to the task of finding a solution, but it will 
take many years of experimentation and study, and he should be at 
the task. . . .” Examples of damaging sedimentation in reservoiis 
and of engineering comment on the significance of the silt problem 
could be multiplied. The illustrations given are introduced simply 
to pioint out that the silt problem does arise in the selection of dam 
and reservoir sites and that, although seldom a decisive location in 
fluence. simple economics requires its consideration. At piesent, 
there is no economical method of desilting a large reservoir. Once 
capacity is reduced to less than the necessary minimum, new dam 
sites must he sought. 

Transportation of Silt in Reservoir Basins. The transportation 
of silt by streams and its deposition along the course of travel have al 
ready been discussed. The mechanism of silt transportation in resci- 
voirs (and lakes), however, is somewhat different from that of streams 
and only recently has attention been called to the principles in 
volved. 

Where a stream enters a lake, its velcKity is checked, and coarse 
particles are deposited; thus deltas are built. The gradually dimin- 
ishing velocity of the stream current as it penetrates the lake causes 
a gradation of coarse to fine sediments towards the deeper water. At 
times, streams entering lakes may be highly charged with suspended 
sediment. Floods of the main stream or of some tributary account 
for changes of suspended sediment load. The bulk specific gravity 

• Brown, C. B.. "The Control of Reservoir Silting,” V. S. Department of Af^irutturf 
Miscellaneous Pub, No. 52 J, 1941, p. 21. 

•Stevens, J. C., "The Silt Problem/* Am. Soc. Civil Engineers, Trans., Vol 
1936, p. 209. 



Table 1 9.3.* Reservoir .silting 
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• Data bom Stevens, J. C., Trans. A. S C.E, Vol. 101, 1936, p. 210. 
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of roily water which enters a lake oi reservoir is higher than that ot 
clear water; consequently, the roily entering water plunges beneath 
the slightly lighter, clear water and becomes a turbid density cur 
rent (Fig. 19-6). As Bell states it: “In ordinary streams, water pro 
pels suspended sediment. In turbid density currents, sediment 
propels the water.” The difference in density between clear water 
in the lake or reservoir and the turbid water entering supplies the 
driving force to maintain the underflow. Turbid underflows are 



comparably to similar but perhaps more widely known density flows, 
seen as dust storms and cold fronts. 

Density differences of only a few hundredths of one per cent are 
sufficient to maintain separate identities of the differing water masses 
where turbulence and currents are slight. In quiet waters, the ton 
tacts or interfaces of the flows remain remarkably abrupt with little 
mixin g of the fluids. Experiments have shown that the ratios ot 
effective densities of underflowing liquids to those of overlying 
liquids, i.e., 

Weight per unit volume of underflowing liquid 
Weight per unit volume of overlying liquid 

•Bell, H. S., "Demity CunenM as Agents for Transporting Sediments,' Jout Oeol, 
V(d. 90. 1942. p. 518. 

•Bdl, H. $., “Stratified Flow in Reservoirs and Its Use in Prevention of Silting 
Mbcctt. Pub. No. 491, U. S. Department of Agriculture, 1942. p. 6. 
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necessary to develop density flows may be very small. In the labora- 
tory, for example, a ratio as low as 1.0001 has produced underflows. 
The slope of the reservoir or lake bottom over which underflows 
take place also may be very slight. In laboratory experiments,** 
slopes as low as 0.25 per cent have been used. 

At Lake Mead— the lake created by Hoover Dam-tuibid density 
flows travel the full length of the reservoir, more than 100 miles, and 
are checked by the dam. Bell ** estimates from data gathered by the 
United States Geological Survey and the United States Bureau of 
Reclamation that more than 2.S2,000,000 tons of sediment were 
deposited in Lake Mead between closing of the diversion tunnel in 
1936 and June 1941; deposition at the rate of approximately 875,000 
tons per week. He states: . . it seems reasonably certain that, with 
proper outlet facilities, from 75 to 90 percent of this sediment could 
have Oceti carried beyond the dam by the use of stratified flow.” 
About 4 billion tons of silt had been deposited in Lake Mead within 
21 years after the completion of the dam, a daily average of some 
400,000 tons. 

Silt Load of Streams. A number of factors enter into a considera- 
tion of the silt contributions to a lake or reservoir by its inflowing 
streams. Among the more important might be mentioned the 
climate and vegetation, rock types, and human use of the lands 
through which contributing streams pass. 

It is a matter of common observation that in the more humid 
regions more or less permanently clothod with vegetation, the 
streams tend to run clear. A comparison of the Mis.souri and Ohio 
Rivers helps make this clear, although of course the vegetational and 
climatic differences of the terrains drained by these two tributaries 
of the Mississippi are not the sole reasons for differences in suspended 
loads. The Missouri River, with a drainage area estimated at 528,000 
square miles, discharges (average) approximately 64,000 second-feet; 
the Ohio River, with a drainage area of some 203,000 square miles, 

”o/>, «•(., p. 42. 

“O^. eft., p. 48. 
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discharges (average) approximately 239,600 second-feet. During a 
six months' observation period, the Missouri was estimated to carry 
about 47,000,000 tons of suspended silt; in a comparable five and a 
half months* observation period the Ohio was estimated to carry 
375,000 tons of suspended silt. 

The rock types through which a stream and its tributaries flow 
are also factors in the silt loads. Crystalline rock areas yield relatively 
little silt as compared with those composed of weakly cemented 
argillaceous sandstones, siltstones, and sandy shales. The works of 
man in the drainage basin are also important. Poor cultivation prac- 
tices, overgrazing, improper disposal of mine waste, and other works 
of man accelerate erosion or contribute directly to stream loads. 

Methods of Silt Control. Various approaches to the control of 
reservoir silting have been made. In general these include reservoir 
design, and installation of outlets, check dams and settling basins 
upstream from the reservoir, by-passes and watershed improvements. 

Although often neglected, the ratio of size of the drainage basin 
to storage capacity of the reservoir has long been recognized to be 
critical. Deficiency of data account for certain failures to establish a 
satisfactory ratio; however, regional data* can generally be obtained 
and satisfactorily applied. Reservoirs of the southeastern states with 
storage capacities of less than 75 acre-feet per square mile of drainage 
area or reservoirs of the Texas-Oklahoma region with storage capac- 
ities of less than 250 acre-feet per square mile of drainage area are 
subject to silting at rates of economic concern. 

A comparison of the silting rates of two Texas water supply reser- 
voirs illustrates this point. Lake Waco, with a drainage area of 1662 
square miles, was designed to have an original capacity of 39,378 
acre-feet, or 24 acre-feet per square mile. Lake Bridgeport, above 
Fort Worth, with a drainage area of 1051 square miles, was designed 
to have^an original capacity of 292,000 acre-feet, or 278 acre-feet per 
square mile. In each the rate of sedimentation has been about 0.8 
acre-foot per square mile of drainage basin: in the Waco Reservoir 

** Brown, C. B., “The Control of Roervoir Silting," Miscell. Publication No. 

V. i. Deparunent of Agriculture. 1943, 27. 
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this amounts annually to a loss of S.34 per cent of its original capac- 
ity; in the Bridgeport Reservoir to 0.27 per cent annually.” 

Outlet works have been designed tor some dams to pass much 
of the especially silty water downstream. An old example is offered 
by the Aswan Dam on the Nile River; there at the beginning of the 
flood period the gates are open, and the heavily silt-charged water 



Fic 19-7. Scdimentniion behind the Mono Creek Dam. California (U. S. Forest Service) 


flows through unimpeded. At other places, the Zuni Dam, New 
Mexico, for example, sluice gates have been installed which are 
partially effective. Recently, appreciation of the role of density flows 
in reservoir silting has led to studies of designs that will permit ad- 
vantage to be taken of this mechanism of silt transportation. Many 
data have yet to be accumulated, however, before generally appli- 
cable principles of design can be developed. 

'nm. 
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Small check dams across tributaries which contribute excessive 
amounts of sediment to the main stream have been built at many 
places. These constitute settling basins or silt traps. Sedimentation 
or settling basins, also, have been effectively constructed along the 
channel or off the channel of the major streams. Most of these struc 
tures, of course, are temporary and must theiefore be of economical 



Fic 19 8 Lake Overholserp Oklahoma City, Oklahoma (Courtesy of H F Chase, 

City En^neer) 


construction. If they are really effective, they must be cleaned out or 
relocated within relatively short times. Fig. 19-7 illustrates a con- 
crete check or debris dam built on Mono Creek, California; this 
reinfo^ed concrete structure stands 85 feet above the level of the 
creek and is 192 feet long. In the 1936-1938 period, its basin was 
completely filled with coarse sediment.*^ 

Diversion of sediment-laden waters around the reservoir is also 


^ Brown, C. B., op. ct(., p. S5. 
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a method locally used to diminish reservoir silting. One of the most 
notable of these in the United Sutes is the bypass canal at Lake 
Overholser, a water supply reservoir for Oklahoma City. This canal 
and the sedimentation basin associated, shown in Fig. 19-8, are esti- 
mated to have kept 93 per cent of the stream sediment out of the 
reservoir.^* 

The improvement of agricultural practices and adoption of soil- 
conservation measures within a drainage basin form another ap- 
proach to the silt problem. The problems of soil conservation, floods, 
and silting are all interrelated. 
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SHORELINES 


T he tens of thousands of mii.fs of shorfi.inf, both 
sea and lake, give rise to a variety ot engineering problems. 
At places are found sandy beaches, some arc stable, but many are 
undergoing rapid alteration. Elsewhere arc found rocky shores; but 
even these locally give way before the onslaught of waves. Fngineei 



Fk. 20-1. Wave d.iniagc lo shore and high- 
way, Sunset culls, Calitoiiua. (Courtesy of F. P. 
Shepard) 


ing structures to pre\ent losses by erosion, to control deposition, to 
stabilize or improve existing conditions, to maintain or to create 
shore and harbor facilities call for engineering skill and ingenuity 
based on knowledge of the underlying geological principles. 

Many striking examples of shore changes could be given to illus- 
trate both the magnitude of local alteration and the impressive 

479 
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power of wave and storm. The island of Helgoland, in the North 
Sea, has shrunk under wave attack from a circumference of about 
120 miles (a.d. 800) to a circumference of less than S miles. Parts 
of the Yorkshire coast have receded more than a mile since the Nor- 
man Invasion in 1066, and at many places on this coast the rate of 
cliff recession is on the order of 5 to 15 feet per year. Currently 
parts of the New Jersey coast are receding at a rate estimated at 5 
feet per year, and parts of the Florida coast are yielding at about 
the same rate. Along wasting shores, thousands of structures neces 
sarily have been set back or protected, or have been destroyed 
Fig. 20*1 illustrates the point. Many hundreds of specific examples 
could be marshalled. 

The following discussion treats marine coasts and sea work 
Most of the discussion, however, applies as well to lakes and lake 
shores, and the latter, therefore, are not accorded separate treatment 

The Margins of the Sfas 

Nearly three-quarters of the earth’s surface is covered by the 
seas. Although formerly thought to be monotonous plains, the 
topographic diversity of the sea floors has been demonstrated bv 
recent soundings to be fully comparable with that of the continents 
Deeps extend dovmward more than 6 miles beneath the sea surfarc, 



Fig. 20-2. Ccmtincntal shelf and ooiilincnul slope. 
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mountain chains rise above the floors of the seas, and some of them 
emerge above the surface to form island arcs; volcanoes rise above 
the sea floor, and many of them rise high above the sea level. 

Most of the seas are margined by shallow water zones, called the 
continental shelves, bordering the continents. These, which are of 
varying widths, slope gently seaward fiom the land masses until, at 
depths averaging about 100 fathoms, the slopes leading down into 
the deep sea basins abruptly increase. The relations are shown in 
Fig. 20-2. At many places the continental shelves are cut by great 
gorges or canyons several thousands of feet deep. At other places 
shoals are known. If the irregularities of the continental shelf are 
truly the results of stream sculpture, very important changes of sea 
level are indicated. Marine sediments fotind on the lands, both of 
recent and of very ancient deposition, bear witness to shoreline 
nig*ations of far-reaching extent. The continental slopes are the 
true margins of the continental masses. The ocean basins are at 
present slightly over-full and flood the continental margins or con- 
tinental shelves. 

The engineer, however, is principally concerned with the shore 
zone and shoal waters which margin it. Fig. 20-3 illustrates many of 
the terms used. Primarily, present-day shore changes are due to 
water in motion. An engineering analysis of shores, therefore, in- 
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dudes physiographic studies, offshore and onshore profiles; the direc 
tions, frequencies, and maxima of winds and storms; the geologic 
materials and structure of areas; and observations of past and present 
erosion and deposition. 

Sea Water Movements 

Several different types of water movement produce erosion and 
deposition along shores and coastlines. Waves, undertow, alongshou 
currents, tides, and tidal currents interact to bring about the ob 
served results. Of these agents, however, by far the most important 
are waves and alongshore currents 

Waves. Every exposed body of standing water is disturbed to a 
greater or lesser extent by waves. The size and energy of waves an 
conditioned by the surface area of the water, by the depths of watci. 
and by the disturbance which creates the waves. Some shores are 
little affected by wave work because f)f shoal waters which mat gin 
them; others are little affetted because of protected positions or 
short fetch of water facing storm directions; and others, betansc of 
resistant rock make-up, yield but slowly. A consideration of wave 
action necessarily distinguishes between wave types. The two inajoi 
classes of waves acting on shores and coasts are oscillatory waves and 
translatory Waves. 

Oscillatory Waves. An oscillatory wave is one in whidi eadi watci 
particle describes an essentially closed oibit about its position of 
rest; the wave form advances, but the water pat tides make little oi 
no advance with the wave. The orbit of the individual water paiti 
cles has a diameter equal to the wave height, i.e., the vertical diffci 
ence between trough and crest of the wave. This orbital motion is 
illustrated by some floating object, such as a cork. The cork may 
be seen to be at the bottom of its orbit in the trough of the wave 
rising to the top at the crest of the next wave and again coming to 
the bottom of its orbit in the next trough. The period of the wa\t’ 
is the time required for a complete orbit of a water particle; it thio 
coincides with the time interval required for the advancement of 
the crest one wave length. The orbits, however, are seldom exactly 
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closed; the water particles ordinarily do not return exactly to the 
initial position, but describe a spiral course urged forward somewhat 
by the wind. 

Oscillatory waves diminish rapidly with depth (Fig. 20-4). An 
approximate statement is that at a wave depth equal to one ninth 
of the wave length, the diameter of an orbit (wave height) is dimin- 
ished by one half. This rate holds true for each additional ninth 
of wave length below the surface, and the orbits diminish, therefore. 



Fig 20-4. Oscillator) ^\a\cs. 
(After Gaillard) 



9 


Fig 20 5. Translatory waves. 


in geometrical progression. That a submarine ducks under violent 
wave action by relatively shallow submergence illustrates the point. 
At a depth equal to one wave length, the orbits are less than one 
five hundredth (1/534.5) those of the surface.^ The importance of 
this progression is obvious when considering the depths to which 
wave action is effective, i.e., the determination of wave base. Wave 
base is defined as the depth at which the greatest surface waves are 
so diminished as to be unable to move the smallest solid particle 
resting on the bottom; it is therefore a function of the height and 
length of the largest waves disturbing a given body of water and 
of the size of the smallest particles resting on the bottom. 

When waves of oscillation approach the shore or progress into 
shallower water, wave height is generally increased because the wave 
motion is being transmitted from a larger to a smaller quantity of 
water. The wave length is decreased, and the form of the wave may 
become asymmetrical. It breaks if the water becomes sufficiently shoal. 
This depth is expressed approximately by the rule that waves break 

'Gaillard, D. D., Wave Action, I9S5, p. IS. 
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when the wave height (crest to trough) is equal to the mean watci 
depth. Conti ibuting faitois to depth of waves breaking are the 
configuration of the bottom, strength of undertow, and velocity of 
the wind. 

The si/e and velocity of oscillatory waves vary in deep water, 
oscillatory waves exceptionally reaching a height of more than "rO 
feet; breaking in shallow watei, they may achieve a height of some 
25 feet. The maximum wave lengths arc probably between 2000 
and 3000 feet; the greatest length on record, estimated, is 2750 lect - 
The velocity of propagation, in deep water, is exceptionally as high 
as 50 miles per hoiii. VclcKity diminishes with decreasing wave 
length. The waves ol shoal waters, therefore, do not travel as fast 
as the longer waves of deep water /ones. In deep water, the velocity 
is expiessed approximately as: 



where V is the velocity, g the acceleration of gravity, L the wave 
length, and T the wave period. .Substituting for g, the expression 
becomes. 

V = 2.27v^ 

where v is the velocity in feet per second and L is the wave length 
in feet. This simple relation does not hold, however, in shallow 
water. 

An oscillatory wave has both kinetic and potential energy. The 
former is due to the orbital motion of its particles, and the latter 
is due to the lifting of water above its mean position at rest. The 
total energy for deep water waves of trochoidal form is given by the 
expression E = wK^ L/% where E is the total energy, both kinetic 
and potential, L is the wave length in feet, and h is wave height in 
feet and «p is weight per unit volume of the water.* The potential and 


* Johnson, Douglas, Shorelines and Shoreline Processtt, Wiley, New York, 1919, p. 28. 
*Krumbein, W. C.. Beach Engineering in Bcrkey Vol. G.S.A. 1950, p. 199. 
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kinetic energies are equal and the lormer is transmitted forward 
with the wave. In shallow water the total energy of a wave is some- 
what less than for a wave of the same dimensions in deep water: 
often the difference is on the order of 2 per tent. From the fore- 
going it can be seen that the calculation of wave energy in foot-tons 
per linear foot of wave crest can readily be made if wave dau are 
obtained. For example, the formula gives approximately .S8 foot-tons 
per linear foot of crest length for a wave of 100 feet wave length 
with a 10-foot wave height. Calculations of this type are approxima- 
tions, for actual waves are seldom geometrically perfect. It is com- 
monly assumed that, for deep water waves, the energy is proportional 
to the square of wave height. Just outside the breaker line, it is 
taken as proportional to the cube of the wave height.'* 

In shallow water, the orbits described by watet particles of oscil- 
Lioiy waves become increasingly elliptical with depth so that on a 
bottom affected by this type of wave a water particle travels back 
and forth in a straight line— lorward with the crest, back with the 
trough. Particles small enough to be moved experience similar back 
and forth movement, although as explained by Fenneman,* the net 
backwards movement of the particle is probably greater than the 
forward movement. The finest particles ate worked ultimatelv 
into deep water where they arc undisturbed by wave action. Kxperi- 
mental work on the nature of transport by oscillatory waves, how- 
ever, is needed. Symmetrical ripple-mark foriiicd by oscillatory waves 
IS found preserved in consolidated sediments as well as in present-day 
deposits of lake and sea. Several recorded observations show that 
oscillation sand ripples remained constant in position while deposits 
of 2 feet or more accumulated. Because the crests of oscillation 
ripples are sharper than the troughs, this <^orm of ripplc-mark is 
useful in determining the tops and bottoms of deformed sediments; 
hence this minor structure is useful in working out larger structures 
in the field. 

*Munk. W. H., and Traylor. M. A. "Rcfraciion of Ocean Waves," Jour. Geol , 
Vol. 55, 1947, p. 24. 

'Fenneman, Nevin, "Profile of Equilibrium ol ihe Subaqlleou^ Shore leriacc,” 
Jour. Geol.. Vol. 10. 1902. pp. 5-13. 
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Translatory Waves. A translatory wave is one in which the water 
particles experience a forward movement with the wave and do not 
return to the original position. The forward movement consists of 
a series of semi-elliptical paths traversed by the individual particles. 
The movement is not confined to tlie surface but all the water parti- 
cles throughout the depth partake in it. The semi-ellipses become 
flattened with depth, and at the bottom the motion is essentially a 
straight-line displacement (Fig. 20-5). Although the translation of 
the individual water particles themselves may be short, the impulse 
is transmitted, and the wave form often travels considerable distance 
It may be noted in Fig. 20-5 that the wave crest rises above the 
general level of the water but that there is no corresponding trough 
depressed below the general water level. Thus the water area be 
tween the wave crests is broader and flatter in aspect than the trough 
between waves of oscillation. 

Waves of translation are characteristic of coastal areas. The 
changes of oscillatory waves, as they advance from deep to shoal 
water, have been noted; the wave height increases, the wave length 
and velcx'ity decrease, the front side of the wave becomes progres 
sively steeper than the back slope, and the circular orbits of the watci 
particles become increasingly elliptical. When the wave breaks, 
some two thirds to three t|uaitcrs of the wave height is above the 
still-water level. In breaking, the top of the wave is poured onto the 
forward slope with a velocity greater than that of wave propagation 
From the break-line forward the wave is largely one of translation. 
The mechanics of transformation from oscillatory to translatory 
waves is not fully understood. In part, the change may be due to 
the displacements caused by the water poured forward at the break. 
In large measure, the waves that reach the shores or shoal-water 
structures are translatory waves. 

In the deep sea, waves of translation are not commonly present 
unless generated by volcanic explosions or by eartlu|tiakes. Some of 
these deep sea waves travel with tremendous velcH’itics; records of 
velocities as high as 900 miles per hour may be found." 


Johnion. Douglas, op. cit., p. 40. 
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Where an oscillatory wave meets a vertical obstruction, for ex- 
ample a cliff or wall, its crest rises approximately to twice normal 
height, and the wave is reflected. Thus a large part of the wave en- 
ergy is exerted against the obstruction as hydrostatic pressure rather 
than as dynamic stress. Where a wave of translation meets an ob- 
struction, however, the full energy of the wave is delivered as a 
dynamic impact comparable to the impact delivered by a stream of 
water under pressure as from a hose or by a stream current. The 
force of wave action against coasts and coastal structures has been 
measured by means of wave dynamometers. Readings of over 6000 
pounds per square foot have been made. Stevenson found by dyna- 
mometer measurements that the average impact of summer waves 
on an island off the Scottish coast was 611 pounds per square foot; 
the average winter impact at the same place was 2086 pounds per 
.v{Udic foot. 

A few examples of unusually severe wave action will help to 
make the powerful hydraulic action of these waves more graphic. At 
Wick, Scotland, in 1872, a monolithic block of concrete, 45 by 26 by 
11 feet, weighing 800 tons, and bolted to stone blocks beneath by 
iron rods, was torn loose bodily from a pier, gradually skewed 
around by successive waves, and finally dropped intact in the lee of 
the pier. The weight of the monolith and stone, moved in one piece, 
was estimated to be 1350 tons. Gaillard^ calculated the necessary 
pressures to move this mass to be 2015 pounds per square foot. Five 
years later, the waves outdid themselves at this same place by remov- 
ing the replacement, a monolithic concrete mass weighing 2600 tons. 
This is perhaps the most noteworthy example of wave action on 
record, but many hundreds of other impressive examples have been 
described. Typical of these is the account of a 12-foot vertical dis- 
placement of a concrete block weighing 20 tons at Ymuiden. at the 
entrance of the Amsterdam Canal; the bhx-k was landed on the top 
of a pier 4 feet and 10 inches above mean high water. 

The erosive power of waves is enhanced by the rock fragments 
carried. In storms, large particles often are cast violently against 

VWrf.. p. 162 
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obstructions; the finer particles serve as agents of abrasion. In no 
small measure are the erosive works of waves due to the effective 
tools they use. The erosive power of waves, however, is diminished 
by wave reflection and interference. The turmoil caused by the 
conflict between advancing and reflected waves is a sight familiar to 
all who have visited steep shores. Locally the energy of an oncominu 
wave is directed upward, and a considerable mass of water, although 
but a small part of the wave itself, shoots upward to surprising 
height and with great force. At Tillamook Rock, Oregon, the light 
house stands 132 feet above high water. During a storm, thirteen 
panes of glass in the lantern were broken, and one rotk fragment 
weighing 135 pounds, was hurled upward and fell back throiigli thi 
roof of the keeper’s dwelling practically wrecking it. The dwelling 
was 84 feet above high water. At Buffalo, New York, a tiinber-tnh 
breakwater constructed of 12 by 12 inch timbers, 12 feet long. 10 
feet between supports, and spaced 5 feet from center to tenter, was 
broken. "The waves, dashing against the vertnal walls of the strut 
ture, rose to a great height above it, variously estimated at from 7') 
to 125 feet, enveloping the breakwater in an immense sheet of water 
which in falling struck the top of the superstructure with such force 
as to crush in the same, the large timbers of which it was constructed 
being broken like pipestems." " Gaillard calculates, assuming the 
unit stress of the timber was 6000 pounds per square inch and that 
the billing water corresponded to a uniform load suddenly applied, 
that the breaking load corresponded to a mean pressure of about 
1145 pounds per square foot over the entire area of 50 square feet 
supported by each timber. Overhanging projections of cliff or struc- 
ture, as well as the tops of caves or crannies against which these verti 
cal currents (hydraulic jets) are directed, are eroded. 

It must not be supposed, however, that destructive waves, like 
those involved in the examples cited, are pure translatory waves 
Although* the static effects of oscillatory waves do little damage to' 
sound structures, the transmutation into translatory movements 
which takes place on friction exerting surfaces, plus the dynamic 

•Ibid., p. 106 . 
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impact of water particles with relatively high orbital velocities 
probably account for damage. The transmutation of oscillatory 
wave into translatory wave, in part, may take place before the wave 
breaks; probably most waves which impinge on shallow water struc- 
tures are compound waves. Much remains to be discovered in the 
field of wave investigation.^ 



Fic. 20”6 A. Wave refraction, coast north of Fig. 20-6 B. Wave refraction around 
Oceanside, California. (Courtesy of W. H, Munk Point Loina, San Diego, California, 
and the Journal of Geology) (Courtesy of W. H. Munk and the 

Journal of Geology) 

Localization of Wave Effects, Wave work on shores is not every- 
where of the same intensity. At places, glarial striae only a fraction 
of an inch deep pass beneath the water; wave erosion since the glacial 
period has not erased them. At adjacent places may be wave-cut 
cliffs and caves of post-glacial date. The principal directives for 
wave work are the shape of the shoreline, the topography of the bot- 
tom adjacent to the shoreline, exposure, and the composition and 
structure of the shore. 

Configuration of the Shore. The configuration of the shore and 
adjacent bottom determines to a large extent the effectiveness of wave 
work. It can be noted at almost any time on almost any shore that 
the waves roll in normal to the shoreline. The waves are refracted 
as they approach the shore into a position of subparallelism with it, 

^Thc Beach Erosion Board of ihc U. S. Army Engineer Corps and the Scripp’s 
Oceanographic InsCiCuUon are doing noiable research in this field. 
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for the velocity of the wave is checked progressively along its front 
as first one part and then another encounters shoal water. Thus 
the wave swings into a position roughly paralleling the shore. 1 lus 




Fic. 20-7. EflFect of submarine ridge on waves. (Courtesy of 
W. H. Munk and the Journal of Geology) 


is shown in Fig. 20-6A, and Fig. 20-6B. The orthogonals are normals to 
the wave crest. The effect of a coastal projection upon advancing waves 
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is shown in Fig. 20-7. Convergence of the‘orthogonals indicates con- 
centration and intensification of wave action; divergence indicates 
spread and lessening of wave action. These diagrams well explain the 
concentration of wave attack on headlands, and the relative pro- 
tection offered by bays, even though not enclosed. 

The configuration or submarine topography off-shore has also an 
important influence on the effectiveness of coastal wave action. The 
wider the shoal area ovei which waves must pass in reaching the 
shore, the less effective they are as erosive agents when they reach it. 
Irregularities in relief of the adjacent submaiine topography locally 
concentrate or diffuse wave action on the adjacent shore and thus 
must be taken into account in shore studies. This is clearly shown 
in Fig. 20-7, which shows the convergence .of orthogonals caused by 
a submarine ridge. 

j/osure. Exposure of the shore with reference to the prevailing 
winds must also be taken into account when planning shore struc- 
tures. More important, however, is the exposure with reference to 
the maximum storm winds, which may blow from quite a different 
cjuarter than the prevailing winds. The fetch of the wind, or dis- 
tance it blows over open water, is critical, for damaging storm waves 
are not brewed in a teapot. I'aking due account of the fact that 
storm-making winds vary considerably in intensity and direction 
during their course and at different extremities of their reach, the 
empirical formulae of Thomas Stevenson give surprisingly gocxl 
approximations for expected wave heights as shown by observational 
checks. Stevenson observed that the heights of waves are propor- 
tional to the square root of their distanc es from the windward shore, 
if the depth of water is sufficient to permit development.*® This is 
stated as: 

h z=C\/J~ 

where h is wave height in feet, / is fetch in nautical miles, and c is 
a coefficient varying with wind velocity, which ior strong gales, with 
deep enough water along the letch to peimit lull wave development. 


'^Oaillarcl. D. D., op, ctt., p. 50 
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is taken as equal to 1.5. For short reaches and violent squalls, Steven 
son considered that: 

1.5v7+(2.5- VD 

where h and / are height and fetch, lespcctively, gave belter results. 
Table 20.1 gives a conipatison between observed wave heights and 
the heights as calculated from the formulae of Stevenson. In this 
table the .second formula was used for the talculation of the hrsr eii>ht 
observations, and the first formula for the last five obseivatioMs 


Table 20.1.* Comparison of Observed Wave Hmchts wnu 
HElCIirS CoMPOTCD FROM FETCH 


Locality: | 

Lake Superioi and 

San Pedio Bay, Lai. 

Fetch 

(naiiMcal 

miles) 

Htiglu ot Wave 

Obseivtd (leet) 

Cuinputed (fci-t) 

Duluth Basin 

0 .H75 

1 6 

2 6 

Duluth Basin 

.428 

1.7 

2.7 

Duluth Basin 

.641 

2.0 

2 8 

St. Louis Bay 

.91b 

2.0 

2 9 

Duluth Basin 

.428 

2 3 

2.7 

Poitage 1 dke 

1 ()8u 

.3.0 

3.1 

_ 

Duluth Basin 

,718 

3.8 

29 

St. Louis Bay 

1.923 

4.5 

3.1 

San Pedro Bay, Cal. 

15.tH 

6.0-7.0 

5.9 

Stannaid Rock 

41.45 

11.9 

9.7 

Maiquette, Mich. 


15.3 

16.2 

Portage Breakwater 


16.5 

13.6 

Duluth Canal 

1 258.(>2 

p.o 

24.1 


From I). I)., op. ni., p. 52 
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Composition and Structure. The composition and structure of 
the materials of the shore and coast are highly significant in the de- 
velopment of the shore features and types ol shoreline. With equal 
exposure to wave attack, weaker iones are etched out and the more 
resistant zones gain relative prominence and relief. Dikes or other 
minor intrusions, shattered or sheared zones, beds of varying resist- 
ance in a sedimentary or metamorphic sequence, and deeply weath- 
ered portions are causes ol differential resistances to wave attack 
which are sought out with unlailing percipience by the waves. The 
structure, or attitude, of these differentially resistant zones directs the 
lourse of wave erosion and in large measure determines the character 
of the shoreline. Drainage ol the area in back ol the coastline and 
the presence or absence ol shore ke are to be considered likewise. 

Currents. Waves are not the only water movements that modify 
sixoiv iimes. The variety of currents that stir the waters of the seas 
is surpi ising. Density currents, salinity ( urrents, river currents, tidal 
lurrents, wave currents, undertow, convectional currents, and per- 
haps others affect greater or lesser volumes of water, and to some 
extent, at least Icxally, modify in one way or another the adjacent 
lands. Relatively few of these, however, greatly affect the configura- 
tion of the shore zones, and these few are of unequal importance. 
Of particular engineering significance may be mentioned: undertow 
and rip currents which act in a direction more or less normal to 
the shore, tidal currents which are Icx'ally effective, and alongshore 
currents which are the most significant of all at most places. 

Undertow. Where oscillatory waves break or translatory waves 
advance on a shore, excess water is pushed landward; in other words, 
an hydraulic head is created, and the surplus water must find escape. 
If this escape is along the bottom, a broad outflowing current is 
formed called an undertow. On shallow shores, the water returning 
seaward is generally met by the advancing waves inside the line of 
breakers and thrown shoreward again. In this situation, an escape 
current may be generated that flows parallel to the shore until de- 
pressions are discovered that give a seaward exit. Where the beach 
is moderately steep, the undertow may have velocity enough to move 
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out fine particles of the shore material. The onrush of a breaking 
wave may carry botli fine and coarse material landward; but the 
returning water from it, with lesser velocity and lesser iransporiing 
competency moves seaward only the line sediment. An old general- 
ization states that sand cannot live on a gravel beach. The extent 
to which this is true depends very largely upon the principle just 
pointed out. Concentrations of undertow, probably due to con- 
figuration of the bottom, give rise to local variations of strength. 
At some places the undertow is a powerful current, locally called a 
rip current. The velocity of the undertow is checked as it readies 
deeper water, and as its cross-sectional area increases. If the bottom 
slope suddenly steepens, as it does off many shorelines, the undertow 
deposits a large fi action of its load at that place. 

Tides and Tidal Currents. The rise and fall of the tide itself 
on an open coast are relatively ineffective in transforming the shore- 
line. On tidal shores, however, there is always the possibility of a 
conjunction of storm and wave intensity with the maximum tides. 
When this happens exceptional wave damage is often the result. 

On irregular shores, the rise and tall of the tide may be trans- 
formed into tidal currents whidi locally may have velocities up to 
some 10 or 12 miles per hour. These, called by some tide rips, arc 
active agents of erosion or deposition. A funnel-shaped re-entrant in 
the shoreline concentrates tidal effects, as shown by the 50-foot tides 
and many tidal currents of the Bay of Fundy region. In contrast, a 
bottle-like re-entrant with a restricted tidal entrance minimizes tidal 
effects, as shown by the general absence of tidal phenomena in the 
Mediterranean Sea. An interesting example of the effect of irregular- 
ity of shoreline is shown at St. John Harbor, New Brunswick. 
There the tide rises and falls more rapidly than water can pass 
through the narrow inlet so that differences of head, of maximum 
difference of 10 feet, are created alternately inside and outside the 
inlet. Hydraulic currents result, and a “reversible waterfall” is pro- 
duced by the rise and fall of the tide. 

Depending on the topbgraphy and configuration of the coast, 
tidal currents may be effective to depths as great as a thousand feet 
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or more. According to Flarris” currents of 0.4 nautical miles pei 
hour will move fine sand, currents of 1 knot will move fine gravel, 
and currents of 3.5 knots will move angular pebbles up to an inch 
and a half in diameter. Many tidal rip currents, therefore, are cap- 
able of scour. In the earlier days of settlement, a number of tidal 
mills were operated along the New England coast; recently a multi- 
million dollar federal pnjject for harnessing of tidal energy was 
begun and abandoned at Passaniarpioddy Bay, near Eastport, 
Maine. 

Alongshore Currents. Those inshore rurrenis whuh move more 
or less parallel to the shoreline are known as alongshore currents, or 
littoral currents. Complementary to wave work, they are at many 
places highly effective agents of transportation and deposition. 

Alongshore currents originate in se\eral tvays. Where waves im- 
pinge obliquely against the land, tlie ahmgshore diiection of current 
is the resultant of the oblitpie adv.'ince ol the wave up the beach and 
its return down the steepest slope which is usually normal to the 
strandline. This is illustrated by observing the migration of small 
pebbles. An onrushing wave advancing at an angle to the shore picks 
up a pebble and moves it diagonally up the beach. 'I'he return water 
tolls it down-slope where it is met by the next wave to be moved 
diagonally up-beach again. The pebble describes a /ig-/.ag path paral- 
lel to the shore. The higher the angle of ot)'i(|uity with which the 
waves impinge, the more rapid and vigorous the resultant current. 
With angles of ten or more degrees, currents with veltx"ities of several 
knots per hour may be formed. Wave reft action lortunately lowers 
the angle, reducing the vclcxitics and damage that otherwise might 
result. Littoral currents of this type fretpiently shift direction. On 
the east coast of India, for example, they shift seasonally with the 
monsoonal winds. Studies on the shoieline between Madras and 
Calcutta showed that more than 1,000,000 tons of sand a year weie 
shifted back and forth annually past a given pcmit. Although the 
directions are variable, on many shores where these currents are 
found, one direction of movement predominates. 

"Harris, R. A., "Manual of Tides.” Ft. 5, 1907. p 123. 



496 


GEOLOGY FOR ENGINEERS 


Previous mention has been made (page 493} of alongshore currents 
developed on broad shallow beaches, where the water brought in by 
waves is prevented by breakers from escaping seaward. The surplus 
water moves parallel to the coast, seeking an outlet of escape. Gail 
lard cites the Florida coast as a place where littoral currents ol this 
origin are found. Locally, also, tidal currents are directed into lit 
toral directions and move along parallel to the shores for limited 
distances. 

The engineer is mostly concerned with the zone extending from 
not far below low watci to salely abo\e high water. This is the /one 
of maximum wave work which loosens and abiadcs material. This 
is also the zone of maximum turbulence which stiis up the bottom 
as waves break. And consecjuently this is the zone of maximum 
littoral drift. 

Erosional Ffaturls of Suorh.infs 

The erosion forms ol the sea maigins are piiiuipally those cut 
by waves. The depth and letch of water, exposuies, and rock type 
and structure, condition and Icxali/e wave cftects. Littoral and of! 
shore (rip) currents distribute the products ol wave erosion, they 
themselves are minor agents of destructiem. 

The most common and universally distributed wave cut lorms ait 
wave<ut cliffs and the wave-cut benches which maigin them. 'I he 
heights and widths of these complementary forms vary as do the 
rates of wear which make them. No shore is so protected that ininoi 
wave action, at least, does not reach it. The low cliffs of unconsoli- 
dated rock contrast with bold hard-rock cliffs facing deep water of 
long fetch. But the 2-foot shore escarpment of loose eaith and the 
300-fcx)t sea cliff of solid rock belong to the same genus. 

Only locally is the rate of cliff recession in consolidated lock 
rapid enough to give rise to concern or to necessitate engineering 
works for its control. One interesting example, hbwever, was- the 
excessive recession of the cliffs at Lime Regis, England. There a 
horizontal series of interstratified shales and limestone requncd 
protection (Fig. 20-8). The soft shale beds were being rapidly eroded, 
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and the more resistant limestone layers, which were undermined, 
wasted by rock-falls. The protecting wall shown m the diagram suc- 
cessfully stabilized the cliff. 

Minor erosion forms, which neveitheless are locally prominent 
and of considerable interest, are thasins, sea caves and spouting 
horns, sea arches, and rock stacks. These features, which are de- 
veloped only in consolidated rock, are results of wave attack local- 
ized by exposure, wave refraction, or by weak /ones in the rock. 
Steep-walled, short chafmi at e c ut bat k at many 
places on rocky shores along ft act tires or other 
relatively weak zones. l.ocal undercutting of 
a cliff gives rise to a sea cave; the upttard de- 
flections of waves at the back of a tate erodes 
the roof. Some caves thus get chimney like 
openings to the surface through •whith water 
may spout at times of favorable tide and wave 
incidence; these are called spouting horns. In- 
equalities of erosion may cut 
through a protuberant pait of a 
cliff, forming a sea arch; or a pro- 
jection may be separated from the 20 , 

cliff, forming a small rock island. rcctsMon checked by proietting 

® uaU (After C. S. Fov) 

called a rock stack (Fig. 20-9). 

Dtl»OSITS 

Transportation and deposition of sediments by w'aves and cur- 
rents are often of economic interest because of the use made of 
coastal zones. Water thoroughfares are locally impeded, harbors 
shoaled, and marine structures silted. Changes in sedimentation 
often cause migration of shoals and inlets. Further, contiol of trans- 
portation often controls erosion; for, if the wave-produced debris 
is not removed, shore protection is the result. At many places, shore- 
lines of erosion have been altered to shorelines of deposition by 
engineering works. Also, many sea or lake deposits are useful sources 
of construction material. At some places, recession of lake or sea has 
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left useful deposits high, dry, and accessible; at other places, storm 
waves have tossed up deposits which are accessible most of the tune 
Many deposits of both types have been successfully exploited. l-(»i 



Fif. 20>9 A. Small lock stack, 
Bar Harlxir, Maine. 


Fic. 20-9 B. Perc^ Rock. 
Quebec. A large rock slack 
(Photo by Robert Dcm) 



these f easons. therefore, transportation and deposition by waves and 
currents are of interest to engineers. 

The generalization that debris carried by a fluid agent tends to 
be deposited wherever velocity is checked is as true for marine and 
lake sedimentation as it is for that of streams or wind. Of the depos- 
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its built by waves and currents, beaches, barrier beaches, spits, hooks, 
tombolos. bars, and wave-built terraces are among the more com- 
monly encountered types. 

Beaches. Beach deposits are familiar to all. Technically, the 
beach (or shore) is the zone extending from low water to the upper 
limit of high water. At many plates, beach ridges which rise above 
the average high-water wave limit are found on the upper part of 
the shore. These formations result from both wa\e and current 



Fig. 20-10. Beach ridge with small lagoon. 


transportation. Debris from the erosion of headlands or other ex- 
posed portions of the shore is drifted alongshore by littoral currents. 
In the more sheltered places, as at the heads of re-entrants, or where 
littoral currents cannot carry the material away, the coarse fraction 
of the load is driven landward and heaped up into ridge form by 
the waves. The fine fraction tends to be worked seaward by back- 
wash, undertow, or rip current. Thousands of indentations in the 
coastline have beaches built ot materials eroded from the en- 
closing headlands or from adjacent shores. They are often of cres- 
centic form and are called crescent beaches or pocket beaches. 
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Many beach ridges are barriers to drainage; behind them, brackish 
or fresh water lagoons oi marshes ha\c tomied (^ig. 20-10). 

The material composing a beach varies with the strength of wave 
action, the distance the material has traveled, and with the chatactei 
of the rock fragments: thus sand, gravel, cobble, or even shell beaches 
are found at various places. If the material of a beach consists domi- 
nantly of flattened pebbles, it is often called a shingle beach. Kleva 
tion of the land or loweiing of the water level has left many beadi 
ridges far inland from existing shorelines, because the material com 
posing them is often valuable for construi tion, recognition of these 
generally level-crested ridges as beaches is occasionally of service in 
the search for construction materials. Many examples of use of 
elevated beach ridges in the Great Lakes region as well as other for 
merly expanded lake aieas and along the coastal regions could be 
given. The beaches of present-day shorelines tompiised of coarse 
sand and gravel ate often good sources of construction material and 
have been much used for this purpose. Beach sand or gravel is 
usually clean, moderately to excellently graded, and the weaker rock 
types have generally been eliminated by vigorous wave action. Many 
beach gravels are so coarse as to requiie^rushing. 

Barrier beaches, or offshore beaches, are elongate deposits paral- 
lel to the'shoreline and separated from it by a lagoon of salt or 
brackish water. They are built by material drifted along by littoral 
currents or washed in acioss bioacl. gently shelving bottoms by waces 
Barrier beaches are notably developed along many miles of the Gulf 
of Mexico coast, and they enclose the lag(x>ns which make the so- 
called inside water route down the east coast from New Jersey to 
Floiida. Fig. 2U-I1 * illustrates this form. 

Alongshore currents build many deposits w'here the velocity of 
the current is checked by deeper water. A sudden curvature of the 
shore yvhich the current is nut able to parallel directs the current 
into water of increasing depth and conset]uently to deposit. If one 
end of the deposit is attached to tlie mainland, it is termed a spii 

*Fig. 20-11 and all subsequent figure references marked with a black star refer 
to colored maps to be found Ixitwccn pp. .SOS and 560. 
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(Fig. 20-12). If wave action curves the end of the spit, it is called a 
hooked spit or hook. Sandy Hook, off New York, is a well-known 
example of this class. Many harbors have been formed by spits and 
hooks. Familiar examples are Provintetown, Massachusetts, Galves- 
ton, Texas, and the harbor for Erie, Pennsylvania, which is shown in 
Fig. 20-13.* In the lee of islands, spits are often built, if these connect 
the island to the mainland or tie two islands together, the deposit 
IS called a tombolo (Fig. 20-14). The extension of a spit across the 
mouth of a bay may more or less completely block off the inlet. These 



Fig 20’12. Hooked spiu (Photo by F. H Perkins) 


baymouth deposits are called bars. It was pointed out in the discus- 
sion of wave erosion that coarse material tends to be worked land- 
ward and fine material to be woikcd seawarc^ certainly by rip cur- 
rents and probably by undertow. As this fine material reaches deeper 
water, often at the margin of the wave-cut bench, deposits called 
wave-built terraces are made. The position of the wave-built terrace 
was shown in Fig. 20-2. 

An interesting application of the principles just discussed is 
shown by the works to protect and restore the shore of Presque Isle 
Peninsula (Fig. 20-13*, 13A), a hooked spit forming the protection to 
the harbor of Erie, Pennsylvania. The neck at the base of the spit 
was breached three times between 1833 and 1917. Rubble walls, rip- 
rap, and bulkheads have been built and partially destroyed through- 
out the history of the harbor. Investigation shows that about 18,000 
cubic yards of sand are supplied annually to the r(X)t of the peninsula 
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from the west in a zone extending lakeward to the 3-fathoin line. 
Along the groynes in the southwest, 19,000 cubic yards are lost an- 
nually; and from a stretch of 31,000 feet east of the groynes, the annual 
sand loss is 286,000 cubic yards. Wave refraction studies show that 
easterly storms do less damage than westerly storms. To protect the 
highway and beaches and to preserve the peninsula as a breakwater 
for the harbor the following proposals have been made: (1) to pro- 
tect the neck by a heavy bulkhead. For the most part this is already 
built: (2) to restore the beaches by artificial fills and construct 
groynes. It is planned to place a beat h some 300 feet wide along the 
neck about midway between the groynes and the Water Works jetty. 
This will require about 1,500,000 cubic yaids of sand, which can be 
pumped from the east end or drawn by sand suckers. Supplementing 
this a stockpile of some 1,000,000 cubic yaids of sand will be placed 
as a feeder beach near the waterworks to supply sand for littoral cur- 
rent nourishment to beaches to the cast.’® 

“Olmstead, L. W., and Lyndc, G. A., Civil Eng, Vol 28, 1958, p. 42. 

Types of Shorelines 

Various classifications of shoreline types have been proposed. An 
easily applied classification is one based on relative chanj^es of sea 
level within recent geologic time.^^ This gives a fouifold division 
of shorelines as follows: shorelines of subptci genre, shorelines of 
emergence, compound shorelines, and neiitial shorelines. 

Shorelines of Submergence. In many p^rts of the world the water 
levels have risen with respect to the lands, or the lands have sunk 
relative to water levels. Consequently, many miles of coastline are 
drowned or submerged. 

The features of a drowned coast depend in large measure upon 
the topography before drowning. The submergence of a flat area 
results in a relatively straight coast, with bioad, shallow-water flats 
t^^rgining the shore. The river \ alleys become tidal estuaiies, wlikh, 
although maintaining riverine outline, are abnormally broad and 
shallow. The Chesapeake Bay region shows the characteristic irregu- 

“ Johnson, Douglas, op. cit. 



504 


GEOLOGY FOR ENGINEERS 


larities of a drowned rivet system, and, although the area has experi- 
enced both positive and negative movements with respect to sea 
level, it illustrates fairly well the effects of submergence of an area 
of low relief. 



Fig. 20 14. Tombolo, Point of Maine, Maine. 


The submergence of a hilly area results'ln an extremely irregular 
coastline. Ridges and hills become peninsulas or islands, and the 
valleys and lowlands become estuaiies and bays. As a result, the 
coastline is enormously lengthened. The straight-line distance from 
Portland, Maine, to Eastport, Maine, is about 200 miles; because of 
submergence, the coastline distance is conservatively estimated at 
2000 miles. Many rocky islands and peninsulas, bays and estuaiies 
reaching fcir inland, and irregular depths of offshore water are marks 
of submergence. Examples of submerged areas of hilly topography 
are the New England and Maritime Province coasts. The most 
scenic coastlines of the world, the glacially sculptured mountainous 
coastlines* of Norway, Chili, and Western Canada and Alaska, are 
other examples of drowned coasts. 

Shorelines of Emergence. Because adjacent to the lands, sea floois 
are graded by waves and currents, emergence or uplift of these bot- 
toms tends to give relatively straight shorelines. Few islands, few 


SHORELINES 


505 


bays or harbors, and gradually increasing depths of water offshore 
are marks of emergence. It has been previously noted that barrier 
beaches are characteristic of areas where water depth increases grad- 
ually offshore. Therefore, while not restricted to shorelines of emer- 
gence, the barrier beach is very often present off relatively flat 
emergent areas. In addition, elevated shore features, raised beaches, 
abandoned sea cliffs, and others are often recognizable relics of 
former water levels which demonstiate emergence. The coast of 
Florida illustrates the relative uplift c^f a lowland area, and the coast- 
line of California illustiatcs the emeigence of a relatively rough area. 

Compound Shorelines. Many, if not all, shoielines have had a 
complex history of up and (l<jwn movements lelative to sea level. A 
shoreline wliidi letoids both positive and negative rnriveincnts is 
called a compound shoreline. Usually, howeser, the effects of either 
submergence or emergence are dominant, and shorelines are most 
(onvenieiuly named at cording to the dominant chaiat teristic s dis- 
played. The coast of New England, for example, has shifted both 
up and down. Elevated marine deltas and beat lies locally record a 
higher stand of the sea; but the irrc^gular coastal outline, drowned 
rivers, and associated features arc so prominent that it is generally 
cited as a type example of submerged coastline. Nevertheless, in that 
region, recognition of emerged shore features has successfully guided 
the search for gravel deposits to the elevations at which marine de- 
posits have been left above the present sea level. Of even greater 
significance to the engineers of the region is the delimitation of the 
areas in which troublesome marine clays may be expetted. 

Neutral Shorelines. Neutral shorelines are defined as those that 
OUT their principal characteristics neither to submergence nor to 
emergence. In this class, therefore, are included those built by delta 
advance, organic growth (as coral reefs), or by volcanic flows or 
pyroclastics. 


CoNTjioL OF Wave and Current Action 
Engineering measures for regulation of svave and current action 
are of two classes. One of these includes those measures designed to 
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improve or protect shore and coastal property: the other inc ludps 
those measures designed primarily to create, improve, oi inanujm 
water traffieways and facilities. It is beyond the scope of tltis booi^ 
to detail the various structures used for these two types ol pioiot 
Consequently, only a brief summary of some ol the stnu tines ili.u 
have been used in this branch of engineering is included. 

Coast and Shore Protection. The principal structuics used ate 
sea walls, bulkheads, and revetments which are built paiallel to the 
coastline for protection ol the area immediately in their reai; groynes 
and jetties which are built at high angles to the coastline foi tlie po) 
tection or improvement of the beach and coastline; and ofFsIioie 
breakwaters which are built at various angles to reduce wase action 
onshore. 

Sea Walls and Bulkheads. Sea walls are niassise stiiifttires de 
signed to protect the areas imme'diately in their reai fiom damaging 
wave action. Because they are designed to pi event stoim damage 
they are necessarily massive and coiiespondingly expensive iluv 
are particularly subject to toe erosion. 'I'o minimize wase damage, 
sea walls should be set back as far as possible above high \satet, .m<l 
sharp deflections in direction should be avoided where possible simt 
sharp angles and re-entrants concentiate wave attack. Vcitical Ians 
are often used, but sloping faces which act as c-xpencling walls ate 
more stable, and at several places parabolic faces as shown m log 
20-15 have been used to dampen svave action. Many sea walls setse 
also as retaining walls for natural earth or hll behind them; conse- 
quently the .same provision for resistance to earth pressures and lor 
drainage of impounded earth must be made. 

Bulkheads serve the same purpose as sea walls but are of lightei 
construction, and hence more economical. They are usually made of 
sheet steel piling or heavy timber. They are suitable svhere vsave 
action is Jess intense, or where a system of complementaiy gioyne,s 
has been installed. 

Revetments, like sea walls and bulkheads, are designed to ptoteci 
the land immediately behind them. Most revetments are made- of 
stone laid up as a protecting face against low earth cliffs at the shoic- 
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( ouftesy Normun Wood 

Fk. 20 15 Sea wall with paraholir face Northport, Maine. 

line The stone bUxks should be large enough to resist dislodgment 
by any expected wave impact They should be high enough to pre- 
\cnt overtopping by any but the greatest storm waves, and should be 
propel ly chinked to prevent earth being washed through them from 
the rear. 

Sea walls, bulkheads, and revetments give no protection to the 
beach in front of them. At many places, indeed, where not comple- 
mented by other measures, they have promoted beach scour by limit- 
ing the advance of waves and increasing the backwash. Further, the 
beach is robbed of the protective cover of new material added by 
coastal erosion, the abrasion and removal ol which absorbed some 
wave energy. Good design in founding sea walls and bulkheads, 
therefore, allows an ample depth safety factor against toe erosion. 
The more gently sloped a revetment is laid, the better, as it becomes 
an expending wall which dissipates wave energy. Many miles of 
bulkhead and revetment are damaged each year, and maintenance 
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costs in labor are high. Many cottage holders arc resigned to annual 
revetment oi bulkhead lepair. mod in eoinbination with gioyncs 
or jetties, however, sea walls, bulkheads, and revetments arc (om- 
monly satisfactory and economic ally maintained. 

Groynes ajid Jetties. A groyne is a wall built essentially at right 
angles to the general tiend of the coastline. Its function is to check 
littoral drift and, consequently, to cause deposition. Groynes of sheet 
steel, concrete blocks, stone, and creosoted wood are used. They arc 
built on the beach and need not be extended above high tide nor 
below low water to be eifective. The horizontal spac ing of groynes 
depends upon the amount of material movc^d along the beach; the 
greater the amount mo\ed, the widei is the pcimissiblc spacing ot 
groynes. The latios ot length of groyne to distance to the ne\t 
groyne aie usually between 1.1 and 1*3 Coticct spacing also takes 
into account the diiection fiom which the most damaging storms cus- 
tomarily appioach Brown** suggests that aftc'i the length of gioync 
has been deteiinmed, a line in the dnection ol maximum stoim 
appioach thiough the end of the groyne to the bulkhead oi sea wall 
(coastline) helps to choose the hoii/ontal spacing within the limits 
of the 1:1 and 1:3 latios, which he consideis to be the ordinary lange 
of effective spacing. 

Unless joined to a sea w^all oi bulkhead, the landwaid end should 
be protected against flanking by storm actiem (Fig. 20-16). Gioynes 
must permit some material to pass to leeward if the littoial diift is 
uniformly or dominantly in one direction, because, if the aiea adja- 
cent is “staived,” erosion or scour is probable. Many designs have 
been developed, including peimeable grc:)ynes. The effectiveness of 
permeable groynes has been clearly demonstrated. In the presence 
of littoral drift, groynes change the shore from one of erosion to one 
of deposition, a change which not only enhances the beach but also 
protects the coastline from ciosion. The leeward groynes should be 
constructed first. The disadvantage of groyne systems is that they 
interfere somewhat with free use of the shore, and that they are cem- 

Brown, E. I., “Beach Erosion Studies,*' Trans, Amer. Soc. Civil Engrs » Vol 66, 
1910, p. 889. 
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Fig, 20-16. The top view shows the failure of a solid groyne due 
to erosion at the landward end: the lower two view's, taken alK)ut 
a momh apart slunih after the constiiiction of permeable groynes, 
show the rcstoiaiion of the beach. Near Racine. Wisconsin. (Cour- 
tesy of Sidney M. Wood, from the Illhiois Engineer) 


sidered by some to be iinsightl) A further disadvantage is that the 
shore to tlie leeward of groynes may be starved of sand, and there- 
fore subject to eiosion. 

Many examples of shore control by groyne construction could be 
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given. One will seive to illiistiate their use. At Cudahy Park, Slun. 
dan, Wisconsin, a 50- to 100-foot cliff of unconsolidated material was 
receding undei the combined attack of waves and slope wash at a 
rate of appioxiniately 2 feet per year. Because the land being lost 
was valuable, the follovsing measuies weic taken. Groynes of pucast 
comrete units, 200 feet long, spaced 200 feet apart were installed 
The cliff was trimmed batk and planted, underdiainagc piovuUd, 
and surface diainage dt fleeted away from the cliff to a sale outlii 
Th( measuies have been suciessful 

Jetties arc essentially laige massive gioynes, which pioject into 
deeper uater 1 hey are used to protect long open stietdies of beach 
or to piotcct inlets 

Rt ()l( nt\hni( fit Ixxally on some shores, good aitifuial biadus 
ha\e been cicated and eioded btac lus u sioud by dumping oi piiiiip 
ing sand. Where the fill is piottcnd by gioyncs. oi uhcie along 
shore (Uircnts and uiukitoH au absent, these fills ha\c been moil 
eiately successful 11 ciosion is shm, uiuual ol the fill may bi moit 
etonomual than construction oi retaining mcasuus Iloucvn at 
most places, hlls must be combiiud with gioyne systems, oi they arc 
too rapidly lost ^ 

Traffic Works, In addition to tin shoie woiks which hast been 
desciibed, those designed to maintain watei tralhcways may be 
nuntioiud biiefly Dicdges have long been used and aie iicicssaiy 
to the maiiueiiaiue ol many channels. Howcvci, il sediments wliiih 
aie deposited in haibois oi c hannels can be ioued into decpei waici, 
or the curients which cany them can be deflected, di edging can he 
icdiiced Besides measuies lor sediment comiol, constiuction ol 
shclteiing basins or aitificiai haibors is locally necessary on uii- 
indentcd coasts. Two piincipai sttuctuies are used in these woiks, 
the jetty and the breakwater. 

jethefi. The use ol jetties foi shore protection has been men- 
tioned They aie also used to piotect inlets. Where alongshoie cui- 
lents move into the deeper water of an in)et, deposition commonly 
takes place which c logs the inlet and often loicos its migiation. 
jetties aid in the piotection of inlets, in pait by deflecting the cui- 
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rents to deeper water, and in part by trapping the sediment outside 
the channelway. Built at inlets, they also constiirt tidal inflow and 
outflow; thus the scounng capacity of those currents aids in mam 
taming the cliannei. Jetties have been successtully used, also, at the 
mouths ot delta distiibutanes to piolong the seawaid ciment, and 
to ccjnstrict it beyond the inmiediate mouth of the distiibutai> so 
that sediment may be swept through and beyond the navigable 
channel. 

Breakufaters. Breakwaters are ofFshene walls designed to trip and 
impede the landward piogicss of wa\i's. They arc used to create a 
shipping haven where no well piotected natuial haiboi exists. Many 
of these struc lines aie siucesslul. and the numbers of “made** harbors 
is sui prising. Sedimentation within the piotected aiea, however, may 
be excessive, as for example at Santa Haibara, California. Locally, 
breakwdteis have been coiisii tic ted also as piotective meastiies for 
shoi dines. 
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THE WORK OF GLACIERS 


T he most important sources of construction matf- 
rials in the northern states are deposits made by recent wide- 
spread ice sheets. In many ol the glaciated states sand and gravel 
have a higher dollar and cents value than any other geological prod- 
uct taken out of the ground. The civil engineer is directly concerned 
with the quality, quantity, and location of deposits suitable for con- 
ciete aggregate, bituminous mixes, and other purposes. If it is esti- 
mated that haulage to a pioject location costs between five and ten 
cents a yard-mile, the importance ot material location becomes im- 
mediately apparent. Material surveys to determine the nearest ade- 
quate sources of acceptable mateiials, consequently, must be made in 
advance of construction. Blind digging in search for sand and gravel 
is wasteful and commonly fruitless. Hence the ability to recognize 
various types of glacial deposit by topographic aspect and associations 
is often extremely useful to the engineer. 

In addition to their use as sources of construction material, glacial 
deposits are of engineering importance because, in regions that have 
been ice covered, most engineering construction (probably more 
than 90 per cent) is founded upon or in them. The highway engi- 
neer, foundation engineer, and soils mechanics specialist, therefore, 
should be familiar with deposits of glaciers. When dealing with 
foundation problems in glaciated regions, the engineer is more effec- 
tive in practice and more reliable in judgment and prediction if 
thoroughly acquainted with glacial deposits— their characteristics, 
forms, and relationships. 
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Types of Glaciers 

Wherever more snow accumulates in the winter than melts or 
evaporates during the rest of the year, glaciers may be built. Even 
within the tropics at altitudes above 16,000 to 18,000 feet glaciers 
are found. In more temperate latitudes, glaciers are found on less 
lofty mountains; in the United States the snowline varies from 6000 
to 10,000 or 11,000 feet. In the colder latitudes the snowline is 
further depressed, and many glaciers terminate in the sea. The two 
critical factors are thus seen to be low summer temperature, and pre- 
cipitation in excess of loss. Present-day ice sheets of Greenland and 
Antarctica cover somewhat more than 5, .500,000 square miles of the 
earth’s surface. In former times, extensive ice sheets covered thou 
sands of square miles in the temperate regions of both North 
America and Europe. The foregoing statements suggest a twofold 
classification of glacier types: ice sheets, or continental glaciers, and 
mountain or valley glaciers. 

Ice Sheets. Ice sheets, or continental glaciers, as indicated by the 
name, are large masses of glacial ice which overspread wide areas. A 
rigorous climate permits the maintenance of present-day continental 
glaciers over Greenland and Antarctica. In the recent past conti 
nental ice sheets spread over much of the northern portion of botli 
North America and Europe. So recent, geologically speaking, was 
this ice invasion of now temperate regions, that post-glacial modifi 
cations of the ice work are hardly to be recognized; only locally arc 
the results of the last ice advance significantly dissected or alteied 

Mountain Glaciers. Mountain or valley glaciers, as the name 
suggests, are those streams of ice that exxupy mountain valleys. Ai 
the present time, most of those glac iers are legated in mountainous 
terrain; hence, the synonomous terms rnountatn glaciers, alpine 
glaciers, and valley glaciers. Although today they are somewhat 
restricted, during the recent glacial epex-h mountain glac iers wcit 
more abundant and reached to lower elevations in the tropical and 
temperate latitudes than existing examples. Followed up, vallc‘> 
glaciers lead into either ice sheets or, more commonly, into snow 




no. 2M. **~^*««" Alaaka. Note fonnauan of medial motainea when ttlbataiy giacien enter. (Bndloid Waahbum) 
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fields. The movement of the ice is down slope at rates which vary 
from an almost imperceptible advance to as much as 50 feet per day. 
In Alaska and other regions where mountain glaciers extend to a 
plain at the foot of the mountains, bulbous enlargements, called 
piedmont glaciers, are abundant. The famous Malaspina Glacier of 
.\la.ska is a superb example of piedmont glacier. Fig. 21-1 shows the 
aspect of mountain glaciers. 

The Work of Icf Sheets 

Because glaciers are in motion, they modily both by erosion and 
by deposition the surfaces over which they advance. Glacial effects, 
however, should not be too greatly magnihed in the mind. Mountain 
ranges, great plains, and other major topographic features are neither 
built nor destroyed by glaciation. The topographic detail of a glaci- 
ated region is largely glacial, f)ut the major features are preglacial. 

Erosion. Glacial ice erodes in two ways. It is able to tear out of 
place, or pluck, paitially locjsened material around which it has 
closed. The more highly jointed the rock over which the glacier 
moves, then, the more \igorous is the plucking action of the ire. 
Material incorporated in tlie basal layers ot the ice abrades or scours 
the bedrcHic over which it passes, much as sandpaper abrades a 
wooden surface. The ac tiem of a glacier thus may be likened to that 
of a giant rasp w'earing down the rcxks over which it advances. In- 
deed. scj much mateiial may be incorporated in the basal layer that, 
Icxally, forward movement is retarded or checked. The overladen 
portion then may be overriden by ice thrust from behind. Thrust 
faults and shear /ones are commonly observed in active glaciers. By 
this mechanism, rock debris eroded from the bed is elevated to 
positions above the glacier base. 

During glacial advance, not only is be4rock eroded, but the frag- 
ments iilf transport themselves arc also abraded and ground to smaller 
sizes. The resistant and tough rock types, for example granite, may 
maintain considerable fragment size for long distances; whereas, 
pieces of less resistant rock types, such at shale or slate, may lose 
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identity and be ground to rock, flour within comparatively short 
distances.^ 

Polished and smoothed rock surfaces are found in areas that have 
been covered by glacial ice. In the course of ice advance, preglacial 
soils are incorporated in the ice, and weathered surfaces of the ledges 
are commonly removed to expose fresh rock. Many bedrock hills 
have but little soil left on them.* Glacially smoothed and polished 
ledges are especially numerous 
where the bedrock is a fine tex- 
tured type that has been little 
affected by post-glacial weather- 
ing. Commonly, the smoothed or 
polished ledges are grooved or 
scratched. These marks (Fig. 

2l 2) called striae, or striations, 
were caused by the dragging of 
rock debris across them by the 
ice; they indicate the direction 
of ice movement. 

In the course of glaciation, the 
side of a hill or prominence fac- 
ing the direction from which the 
ice is advancing bears the brunt 
of abrasive attack. The result is 
often an asymmetrical form with 
the gentler slopes on the norther- 
ly (stoss) sides, and the steeper 
slopes on the southerly (lee) sides. Asymmetrical bedrock forms pro- 
duced by glacial erosion are called roches moutonies (Fig. 21-3). 
Roches moutonies vary in scale from small ledges to hills of consid- 
erable magnitude. Because of the steeper slopes, soil is usually thin- 
ner and rock exposures correspondingly better on the lee sides of 
hills than on the stoss sides. 

Locally, rock basins have been hollowed out by continental 
glaciers. The thousands of rock-rimmed lakes of glaciated regions 



Fig 21 2 Glacial striae. Point of Maine. 
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testify to the scooping action of the ice. In part, at least, the 
Great Lakes are of this origin. Three factors enter inttAhe local i 
ration of glacial basming resistance of underlying rock, concentta 
tion of ice flow guided by sub-ice topogiaphy, and local sanation in 
load or movement ol the ice itself Perhaps most of the ice scoured 
basins may be ascribed to rock condition where either structural or 
lithologic weakness has served to lucali/e deepening. 



Fir 21 3 Inland in background is a roche inoiitoii6; Boulder in foreground a glacial 

tn uic ritiKlniicn s Me 


Deposition. Nc\ertlRless, \vliatt\ci is mo\ed l>y ice is deposited 
at greater or lessci distaiues liom its staiting place, and niucli of tlic 
load IS soon diopped lodged, oi plasicicd along the way and osci 
ridden by the advancing ice Sonic I<h)sc rock and eartli is shened 
along bodily at the bottom ol the uc or in front of it, some is dragged 
along frozen fast at the glacial base or frozen within the ice otlui 
debris rests on the glaciei s surface or in basins of streams or lakes of 
ice water When the ice wastes away, a part of its remaining load is 
deposited directly by the ice. Another portion, however, is further 
transported, sorted and then deposited by iticlt water. Two principal 
classes of glacial drift, therefore, can be distinguished the unstraii 
lied deposits made diicctly by ice, and the sttatificd deposits made by 
glacial melt watei The name of the ue deposited debris is till, the 
name of the melt-water deposited material is shatified drift Because 
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there are varying degrees of water assortment, however, till and 
stratified drift are not always easily or clearly separated. 

Till. Ice moves essentially as a solid; it has no sorting power. A 
sand grain or clay particle moves along at the same rate as an adja- 
cent fist-sized cobble or house-sized boulder. Till, therefore, is a 
heterogeneous mixture of ice<arried fragments of various sizes; its 
constituents are graded by neither size, nor shape, nor specific 
gravity. Because of grinding, crushing, and abrasion, most of the 
particles and fragments of till are angular in shape. The shape of 
the pebbles, however, is strongly influenced by their structure. 
Pebbles of shale, slate, or schist are usually flat; granite or quartzite 
fragments are usually blocky and angular. Some pebbles of till show 
various degrees of rounding because they were water transported 
during a part of their journey. 

Most of the constituents of till are derived from local bedrcxrk 
within a few miles of the deposit. Thus, in regions of massive crys- 
talline rcKks, as granite or quartzite, the till is largely made of coarse 
angular fragments, a stony till; in areas of sandstone or other friable 
rock, the till is dominantly granular, a sandy till; and in areas of 
weak rock, as shale or limestone, the bulk of the till is fine textured, 
a clayey till, or boulder clay. Most areas, however, are underlain by 
several types of bedrock, and some of the tougher rock types may 
travel many miles; consequently, the lithologic make-up of till, al- 
though reflecting ^he local bedr<x:k, is a mi.\*ure of rock types. 

Deposits of till give rise to a variety of topographic forms called 
moraines. Moraines are built along the margins of a glacier, hence 
with transverse ridge-like forms; or they are deposited beneath the 
ice and are without transverse linear elements. The former are end 
moraines; the latter are ground moraines. 

End moraines. A glacier ends where forward thrust is overcome 
by melting. If the rate of melting is gieater than the rate of ice ad- 
vance, the margin of the glacier recedes; if forward thrust is more 
rapid than melting, the glacier advances. (Note: the expression 
"retreat” of the ice does not imply any reversal of ice movement.) 
If forward thrust and bar k melting are approximately equal, replace- 
ment from the rear is holding the line— advance balances retreat. 
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and the ice front is nearly stationary \i tlicse times, material turned 
forward by the ice into the combat zone is dropped as the grasp up«)n 
it IS loosened by melting. A till ridge is therefore loimed along tiu 
mai]gin. The balance of power, hoA\e\ei, alternates, the ice hont 
accordingly oscillates oser a zone that may be seseral miles uulc 
Because of the oscillation, end moraines ate usually belts of \tr\ 
irregular topography, composed of ridges and irregular knobs and 
hills of till. The outermost limits of u e extension may be marked In 



Fic 21-4 End momine cant central Illinois Note lack of boulders and soft slopes 
(Photograph by W C Krumbein, from 'lypical Rocks and Minerils in Illinois conr 
tesy of Illinois Geological Siirve>) 


terminal moraines, provided the ice front was stationary long enough 
to permit their construction. End moraines built during general 
advance of a glacier are largely destroyed. During general ice retreat 
however, many stands may be taken, and recastonal moraines built 
that are not destroyed. End moraines are thus terminal or recessional 
moraines. 

Where composed of rocky and sandy till, end moraines are well 
defined with prominent knobs and ridges of steep slopes. Where 
composed of clayey till, end moraines are less well defined, with 
gentle slopes and subdued topography (Fig. 21-4). 
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End moraines are numerous and prominent in the (.rear Lakes 
states, where many individual inoiainu belts tan he tratedfoi miles. 
In New England, end moraines are pan hy or lacking, perhaps be 
lause the bulk ol the ice stagnated and melted away as an inert, 
motionless mass. 

Ground moraine. During both advance and retieat ot a glacier, 
till is deposited beneath and at the margin of the ice. 'J hese deposits 
are of irregular thickness, but aie commonly thinner on the hills 



Fu. 21 5 noiiklir> ^lounil inoidinc 


than on the lowlands. The till sheet, depo^ned tlius iiregulaily, is 
called ground moiaine (Fig. 21-5) and is ilie most uidespiead of 
glacial deposits. Locally within till ol the giound moiaine are 
patches or areas of stratified (washed) matei ial— sand oi gra\el. Al- 
though the ground moraine has no pat titular topographic expres- 
sion, where thick it often has a somewhat undulating suiface. 

Most ground moraine is without well-defined topographic ex- 
pression; however, locally, stream-lined hills of till, called djumlins, 
are found frequently in groups of hundieds. Driimlins are ice- 
molded parts of the ground moraine tvith the long axis parallel to 
the direction of ice flow. Many druinlins have steeper slopes on the 
Stoss ends than on the Ice ends; hence they have an asymmetrical 
ihape, as shown in Fig. 21-0. In the discussion of erosion featuies. 


no. SI>6 A. Dnimlin in longiiadliial piofife. 


the asymmetry of roches moutonies with respect to direction of ice 
movement was noted to be the reverse of that of drumlins. In length, 
they range from a few feet to more than 2 miles, with heights seldom 
as much as 200 feet or widths as much as three-quarters of a mile. 
Although a few drumlins have been sculptured out of stratified drift 
and many contain lenses of sand and gravel, the bulk are till. 

Drumlins appear to be the result of irregular accumulation be- 



'fta. SI'S B. Air|dioto ot Wlwoiulii dnimlin. (Photo by C. C. Bndicy, oourtciy oi 

F. T. Thwaites) 
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neath actively moving ice which overrides and shapes the till into 
stream-lined forms. Drumlin “helds," where closely spaced drumhns 
number hundreds, are found in west central New York, east central 
Wisconsin, and southern New England. Small groups and isolated 
examples of drumlins are much mote widespread than drumlm 
“fields.” 

Stratified Drift. Deposits niade by glacial melt water are known 
as stratified drtftf modified drift, a^ueoglacial, or fiuvioglacial de- 



Fic 21 7 A Fsker 


posits. Two requisites for stratified drift aeposits are: a supply of 
till which can be carried and sorted by melt-water, and a check in 
velocity of the transporting melt-water current. Stratified drift, 
therefore, is deposited both in front of and behind the ice margin. 
Outside the ice margin or right against it, debris-charged melt-water 
that issues from the glacier builds alluvial deposits or supplies glacial 
sediment to marginal lake or sea; within the ice margin, ice-walled 
streams, lakes, and pools of melt-water deposit stratified drift. 

Like till, from which it is derived, stratified dritt is largely com- 
posed of rock fragments of local origin. The angular shapes of till 
fragments, however, are modified by water transport within short 
distances so that subangular to rounded pebbles predominate in 
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modified drift. The finer grade sizes, however, show less wear, and 
the sand and silt are commonly very sharp and angular. 

The principal stratified drift deposits built within the glacial 
margin are eskers and kames; those deposited in contact with the ice 
margin are kames and kame terraces; and those deposited beyond 
the ice margin are outwash plains, deltas, and marine and lake silu 
and clays. 

Eskers. Elongate ridges of stratified drift are called eskers or 
crevasse fillings (Figs. 2 1-7 A and B*). These deposits are formed by 
deposition in drainage tunnels un- 
der or through the ice, in open 
channels in the ice, and in elongate 
re-entrants of the ice margin. Most 
eskers have a somewhat uneven 
crest line, and the longer ones have 
more or less serpentine courses. 

The similarity of eskcr pattern to 
stream pattern is well shown in the 
map of Maine eskers (Fig. 21-8). 

Branching of eskers is not as con- 
spicuous, however, as the branch- 
ing of streams. An esker system i . 
made up of a number of individual 
esker ridges and individual knobs 
of stratified drift lined up to form 
a definite drainage pattern. An 
esker ridge may have a relief of as 
much as 150 feet above its sur- 
roundings, and individual ridges 
may be continuous for as much as 20 or more miles. The relief is 
more commonly on the order of 20 to 40 feet, however, and may be as 
little as 5 feet. Esker systems vary in length: the longest known can 
be traced with only slight interruption or discontinuity more than 
150 miles. Most of the systems are much shorter. In cross-section, 
eskers are seen frequently to be very irregularly stratified. Also, in 
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cross-section, a roughly anticlinal like arching of the beds, due to 
slump when the ice retaining walls melted, is often noted. Because 
of rapid changes in the cross set tional areas of esker channels, loss 
or increase in water volume ol the eskci stieam, and variation in 



load of the esker stream, the mechanical composition or grading of 
an esker may change rapidly within short distances. Uniformity of 
pit-run material from eskers is not therefore to be expected. Com- 
monly the steeper the side slopes of an esker, the coarser its gravel. 

It is noteworthy that most eskers tend to follow low ground; thus. 
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the majority of eskers are found along river valleys. They often 
swing from one side of a valley to the other, and modem streams 
have frequently cut channels through the crossings. Eskers have sup- 
plied favorable sites for highways across swamps and other unfavor- 
able terrain. They are excellent natural subgrades, well drained and 
free from frost heave. In northern New England in particular, where 
eskers are abundant, thousands of dollars worth of sand and gravel 
has been taken from eskers. A single air base, for example, required 



Fic 21-10. Kame. 


more than 1,000,000 cubic yards of gravel and sand, all of which was 
taken from local eskers. 

Esker deltas. Locally where an esker stream terminated in stand- 
ing water, either lake or marine, deltas were built. These have 
lobate dbtlines, and flat tops, although the tops may be somewhat 
pitted (Fig. 21-9). The grading of the material is generally more 
uniform than that of the eskers with which they are connected. 
Where cuts expose the cross-section, typical delta structure is seen 
(Fig. 18-7). Because they were built by glacial streams that were sub- 
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ject to great variation of discharge and sediment content, esker deltas 
are not so well graded as most stream deltas; they are, however, more 
uniform than eskers and frequently are more satisfactory sources 
of material. 

Karnes. Hills or knobs of stratified drift are called kames (Fig. 
21-10). Though tending to be conical, many are of irregular shape. 
Some kames are defiosited in mouhns or holes m the ice. When the 
ice melts, the material slumps into mounds. Kames are also built at 



Fig. 21 11 a Keltic hole occupied by smdl pond 

the margins of the ice, where melt-water deposits sediment in re- 
entrants and irregularities of the ice front. Locally, marginal kames 
are abundant enough to compiise a type of end moraine called kame 
moraine, Kames are also built wheic wasting ice becomes honey- 
combed with channels in whuli deposits aie built around lemnaiit 
ice blocks- As the ue finally wastes away, a topography of iriegular 
knobs and hollows is left, called kame and kettle topography. The 
hollows are kettle holes formed whcie an iie block had been partially 
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or completely buried. When the ice block melts« a topographic de 
pression results. Kettle holes are shown in kig. 21-11. Kames vary 
in size from small knolls of a few feet in relief up to hills of 140 feet 
relief. Most of those shown on the topographic contour maps have 
a relief of between 20 and 60 feet. Most of them are less than a third 



FK. 21*11 B Kettle holes and associated kames (Counesy of U S Department of Com 
merce. Civil Aeronautics Administration) 


ol a mile in diameter, and many are less than 600 feet in diameter 
Because of the turbulent and variable flow of kame-making waters 
the sorting is generally imperfect and stratification poor. A single 
kame, therefore, often yields material of widely variant gprading. 

Katne terraces. As the continental glaciers wasted away, ice 
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lingered longest in the valleys. At the lateral margins of a valley- 
remnant of ice, streams and lakes kxally developed in which glacial 
debris was washed and deposited. Continued melting of the ice 
often uncovered lower outlets with the icsult that marginal lakes 
and streams ^vere developed at progressi\ely lower levels, leaving the 
previous deposits as terraces banked against the valley walls (Figs 
21-12, 21-13). These deposits, because they Irecjuently have pitted 
tops and somewhat hummocky outline, are called karne trrraces. It 



Fig. 21-12. Kamc terrace. (Photo b> I II. Perkins) 


is noteworthy that where kamc tei races aie found at several levels, 
step-like, along a v^alley wall, coaiser and more crudely stratified ma- 
terials are found in the upper terraces than in the lower terraces. 
Few kame terraces are more than 2 miles long, and most are shorter. 
The width is variable, but many are between 30 and 150 feet wide. 

Outwdsh plains. Melt-waters, charged with debris, issue from 
glacial ice and deposit stratified drift. Where the debris-laden water 
spreads stratified drift over a broad area, it builds a deposit called a 
wash plain, or an outwash' plain. Where an end moraine is under 
construction, the outwash forms a series of alluvial fans, or outwash 
plains, apexing at the places where the water comes across the mo- 
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Fic 21-lS Origin o( kame terraces (Reproduced by pensuuon from Glacial Geoh ^ 
and the Pleistocene Epoch by R. F Flint, publnhed by John Wiley and Sons, h t ) 

nune. Commonly, the fans coalesce so that a single outwash plain 
covers considerable area. Across die outwash plain, channels aie un 
stable; they shift back and forth because of lapid choking with sedi 
ment. Sediment is therefore spread more or less uniformly across 
the plain, and a comparatively level wash plain surface is built up 
The grading of wash plain material is generally good, the deposits 
are often very uniform. If the ice front was washed by lake or sea, 
the outwash is better graded and more unifonnly stratihed than it 
the ice margin stood on land. Because the velocity of the melt-water 
is first checked where it issues from the moraine, the coarser gravel 
is deposited near the moraine and grades out into finer material away 
from it. Locally, however, channels of cofise material, deposited by 
swiftly flowing currents may be traced across many wash plains, and 
the top few feet of gravel of many outwash deposits is coarser than 
the underlying portions. Accurate volume estimates of the coaise 
aggregate of a wash plain, therefore, require test pitting 



Fic. 21-14. ntted outwash near North ShapleiRh. Maine 




THE WORK OF GLACIERS 


5S1 

Many oiuwash plains are pitted tviili kettle holes (Fig. 21-14). 
These depres-sioas arc the result of melting of partially or completely 
buried ue hUn ks whidi weie left either as isolated remnants during 
glacial letieat, or, it the ite front was siibmeigcd, were broken off 
and floated out from the glacial margin and were grounded. An 
outwash plain dotted with kettle holes is tailed pitted outwcuh. In 
Kwating test holes in pitted outwash, it should be lemembered that 
the gra\el is otten coarser at a kettle margin than at a scant disunce 
lioin the kettle. 

Not only are outwash plains built in front of the ice. but many 
ate built within the inaiginal /one of stagnant and wasting ite also. 
It an ite sheet stagnates, as happened over muth of New England for 
example, it melts away like the winter snows of the present day. In 
spiiiig, melting fust untoveis the southern part of the area and pro- 
gn.s>«»ely the "maigin" of the snow blanket is pushed noithward. 
Howexer, tlteie is no definite front oi snow margin, for downward 
wasting bares many areas xvithin tfie limits of the southern extent of 
the snow cover. Many wash plains thus aie formed in deglaciation 
that aie related neither to the ue “front” except that in a general 
way tliey are localized in the maiginal zone, nor to end moraines. 
Many are deposits of temporal y glacial lakes. 

Because oi their relatively unitoim grading and large volume, 
outwasii plains are one of the best sources sand and gravel. 

(.ihu ml-niaiuH’ Mlt and ilay. Duimg th». piocess of ice erosion, 
a consideiable amount of silt and clay sized particles was produced 
by gi intling and abrasion. 'The relation between rex'k types and fine- 
ness of grinding has already been noted in the discussion of till. In 
noiiheastern America the level of the lands was lower with respect 
to sea level at the time of deglaciation than a^ present. Consequently, 
die sea flooded the valleys and lowlands as the ice cover melted away, 
and at many places the sea washed the ice margins. 

Melt-water brought much glacially ground and pulverized rock 
into the marginal sea. The hue textured particles, silt and clay, 
settled out of suspension in the quiet water of the deeper or more 
si'.eliered places. A widespread blanket of glacial-mai ine clay and 
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silt was thus deposited over the lowlands. At many places the < lay 
contains shells of types of animals still living along the present shores 
One type of shell, Leda, is particularly abundant; hence, the days 
are often called Leda clays. An aim of the Atlantic, called tlje 
Champlain Sea. extended far up the St. l.awrence Valley, hence the 
term Champlain Clays also is often applied to the glacial-marine 
clay deposits of the Noitheastern seaboard. The inland extent ot 
these marginal seas of late glacial time has not been fully established. 
In Maine, glacial marine clays ate locally present up to at least -100 
feet above the present sea level. 

Typically, the glacial-maiine clay is blue or giay and is known 
to most engineers as the Blue Clay, although at many places the de 
posits contain more silt than clay. Post-glacial weathering has IcKally 
altered the upper few inc hes or few leet of these deposits to an iron- 
stained brown or buff clay or silt much used in the manufacture ot 
common brick. In some deep valleys, glacial-marine clay deposits 
are several hundred feet thick. '1 he thickness is generally much less 
however, and marine c lays and silts are lacking entirely at many 
places that were covered by the sea. The land was tilted as it emeiged 
from the sea following the disappearance of the ice. The mat me 
limit and, consequently, the upper limit of the silt-clay deposits, 
therefore, ftre not everywhere at the same elevation with respect to 
the present sea level. Along the northeastern seaboard the axis ot 
tilt margins the northern shore of Long Island, the sotithein shore 
of Cape Cod, and extends through central Nova Scotia. 

Glacial-lake silt and day. Above the marine limits, much line 
glac ial sediment settled in the deep or cpiiet parts of ntimerous iresli 
water lakes which locally margined the ice. Fresh water does not 
flcKctilate clay as does sea water; hence, in these lakes, the silt par- 
ticles settled otit soolicr than the clay particles. Much of the clay 
remained in suspension during the melting season; in winter, how- 
ever, the surfaces of the lakes froze over, permitting the clay to settle. 
The deposits thus are commonly banded, and a pair of bands repre- 
sents one year’s deposition. The thickness of the individtial layers 
varies from a fraction of an inch to several inches. A warm season 
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layer is generally coarsei and lighter in color than a cold season layer. 
Seasonally banded clay is called varvrd day. II a summci melting 
season was long and warm, the coaiser and lightei member of the 
pair is thick; if the summer represe nted was short and cool, the sum 
mer layer is thin. Thus a climatic record of the time is presented by 
varved clay similar to that presented by the annual growth rings of 
trees. 

Summary of Deposits. Two principal classes of material, till and 
stratified drift have been described as have also the principal topo- 
giaphic forms identified with each type. Tabic 21.1 presents a sum- 
mary of glacial deposits. 

The \Vc3rk of Mocmain (hacii rs 

Mountain glacieis erode, transport, and deposit material in the 
same way as do the continental ice sheets. There are some results, 
however, that are characteristically of mountain glacier origin and 
which differ from effects produced by ice sheets. The erosional 
forms are more obvious and moie scenic than the depositional forms. 

Erosion. Abrasion and plucking by mountain glacieis have added 
much to the variety and grandeur of mountain landscapes. The 
contrasts between mountains sculptured by local or valley glaciers 
and mountains not so modified is well shown by comparing the 
mountains of the southern Appalachian piedmont with those of the 
noithcastern piedmont, notwithstanding that the latter region was 
also modified by continental ice invasior s. The topographic de- 
tail of Mount Mitchell, North Carolina, for example, differs mark- 
edly from that of Mount Washington, New Hampshire. 

Most mountain or valley glaciers occupy valleys that were initi- 
ally cut by streams. In mountain areas, most stream valleys have 
the “V” of youth. An ice tongue pushing down through a “V*’ 
valley tends to modify the shape into that of a “11, ’* generally with 
steeper side walls and a broadci and flatter base than before glacia- 
tion. Base levels control the depths to which streams can cut. Moun- 
tain glaciers are not so limited. If they reach down to the sea, as in 
Alaska at the present time, downward erosion does not stop at sea 
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Rcprociiiccf! b\ permission fiom ‘Outlines of Glaciil Gcoloj;\ b\ F T Ibudites 
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level, because seven-eighths of the ice thickness must be submerged 
before the mass will float, relieving the bottom of scour. 

As a main valley is deepened and broadened by ice erosion, the 
spurs between the tributary valleys that are characteristic of a stream 
drainage pattern are trimmed off. The tributary valleys are them 
selves modified by valley glaciers, although their lesser glaciers scour 



Fic 21-15. Cirques, near Climax Molybdenum Mine, C.olorado. ((.ourtesy ol CateipilUr 

1 racior Co ) 

less deeply than the larger glaciers of the main valleys. When the 
glaciers disappear from the region, therefore, many tributary valleys 
are left hanging. Bridal Veil Falls, Yosemite, is a classic example of 
a hanging valley. Although hanging valleys are formed in other 
ways also, they commonly signify glaciation. 

The heads of glaciated mountain valleys are often amphitheater 
like gouges in the mountainside which have steep side and head 
walls and relatively flat fl(x>rs. These are called cirques, (Fig. 21 15) 
and many are occupied by lakes. Cirques are evidently the result 
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of glacial sapping and plucking. In lofty mountain regions that 
have been subjected to prolonged alpine glaciation, cirque growth 
has resulted in the production of serrated knife-edges between 
cirques and of angular mountain forms. Such peaks as the Matter- 
horn, for example, illustrate this kind of sculpture. 

A valley glacier erodes most actively in the upper and middle 
portions of its valleys; near the lower end of the ice, erosion is less 
because the ice is melting and thinner and may be carrying an ex- 
cessive load. An active valley glacier may discover local differences 
in resistance to erosion— weak rock types or fractured zones. These 



1*10. 21-16. l.ungitu(linal profile of glaciated \allcy. f\fter F. F. Matthcs. U. S. 

Geological Sur\ey) 


less resistant parts are deepened (Fig. 21-n»K I'he concept of tem- 
porary base levels which was developed for oiieam erosion does not 
hold for ice erosion; consequently, the longitudinal profiles of many 
glaciated valleys differ from those of normal stream valleys. Many 
lakes are found in formerly glaciated valleys. Some are dammed up 
behind deposits, as moraines, which the ice left behind as natural 
dams; others occupy rock basins that were scoured out by the ice. 

Deposition. As a result of erosive activity, mountain glaciers 
pick up material from the sides and bottoms of their valleys. Ma- 
terial also is added by landslide and avalanche fr<»in adjacent slopes. 
Because there is much shearing of active ice over slower moving or 
stagnant portions, rock delnis is raised into the middle or upper 
parts of a glacier. At the lower terminus of the glacier, if the forward 
thrust is approximately balanced by back-melting, coarse and fine 
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material alike may be dumped in the iorm ol irregular tidges and 
knobs, end moraines, which loop around the end of the ice tongu(> 
Morainic ridges, also, may be built where till is lodged between tlie 
ice and the valley wall; when the ice melts these at e lei t ash'// ten arcs 
or lateral moraines. The junction of two mountain glaciers is often 
marked by the coalescence of the two inside lateral moraines to fonn 
a medial moraine, as shown in Fig. 21-1. Ground morahie is also 
deposited along the valley behind the end moraine. 

Material washed by melt-water, stratihed and sorted, is deposited 
in front of the end moraine as ouhoash. 1 he outwash, confined by 
the valley walls, often extends for a considctable distance doivn 
valley. An outwash fill is often called a valley train. In glaciated 
valleys alluvial fills may be of considerable depth. The melting ol 
the ice furnishes much material which may be washed into cleptes 
sions sctxiped out by the ice; and lakes and basins in adxance of the 
ice margin may be filled. In the Yosemite, the depth of valley fill 
is Icxrally 900 feet. 

Thf IcK Ac.r 

The earth is just emerging fiom a jjeriod of refrigeration that 
affected all continents, although northern North America, northern 
Europe, and northwestern Asia were the only areas which weie ex- 
tensively buried by ice sheets not now in existence. By the enuniera 
lion and correlation ol \ arses of fresh water glacial clays and silts, 
by estimation of the length of time necessary to cut such post-glacial 
features as the Niagara gorge, and by estimates based on the rate of 
weathering and dissection of the most recent till sheets, inferences 
have been made as to the lapse of time since the disappearance of 
the continental ice sheets from North America and Europe. The 
most generally acceptable estimate, some twenty thousand years, 
shows ^the relatively short span of post-glacial time. The ice age. 
called by geologists the Pleistocene epoch, had a duration peih.ips 
on the order of a million years. The geography of ice disuibuiioii 
and the complexities of ice advance and retreat have been paiiially 
worked out; the causes of a glacial epex h are as yet uncertain. 
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Geography and Extent of tee. In North America, during the 
Pleistocene, there were four centers of ice accumulation from which 
ice pushed outward in all directions. From east to west these are: 
the Labrador. Patrician. Keewatin and the Cordilleran centers. Ice 
from the Labrador center spread widely over the northeastern part 
of North America; it reached west to the shores of Hudson Bay and 
Lake Superior, south to the Ohio River and Long Island, and east 
to the Atlantic. At its maximum extent, ice from this center covered 
approximately 3,500,000 square miles. The Patrician center was 
minor, compared to the Keewatin and Labrador centers. It was 
l(x;ated south of' Hudson Bay, in northwestern Ontario. The Kee- 
watin center was located southwest of Hudson Bay. From this center, 
ice pushed west to the Rockies, south to the Missouri River, and east 
to the Lake Superior region, covering more than 1,500,000 square 
miles. The western cordillera of Canada was another center of 
dispersal, the Cordilleran Center. In this mountainous region there 
was an extensive development of mountain and piedmont glaciers 
which coalesced to cover much of the area between the Rockies and 
Coast Range, British Columbia, and the Yukon. Some 350,000 
square miles were glaciated from this center. The map of Fig. 13-3 
(page 273) shows the centers and extent of glaciation for North 
America. 

Northern Europe, like North America, was widely overspread 
by continental glaciers during the Pleisutene. Approximately 
2,000,000 square miles, including the British Isles, Norway, Sweden, 
Finland, North Germany, the Baltic States, and northern Russia east 
of the Urals were covered at the time of maximum glaciation. Over 
F.urope, the ice seems to have spread from one center called the 
Baltic or Scandinavian center. From the Alps, valley glaciers ex- 
tended to form piedmont glaciers in Austria, Italy, and France; the 
Pyrenees and Appenines also had mountain glaciers. 

The Pleistocene ice over Antarctica was probably thicker than at 
present. Although none of the other lands had continental ice sheets, 
all had mountain glaciers which were more numerous and extended 
to lower levels than at present. Australia, where no glaciers exist 
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today, had mountain glaciers; and on New Zealand mountain 
glaciers were \ery active. In Africa, Mt. Ruwen/ori and Mt. Kih 
tnanjaro had glaciers 3000 to 4000 feet lower than at pieseiu. in 
South America, conditions were similar to those of Alrica. in that 
evidences of greatly lowered snowlines and more extensive mountain 
glaciers are abundant. In Patagonia, piedmont glaciers covcied a 
considerable area, extending some 300 miles east of the mountain 
front. Although in Asia lower thermometer readings than anywlu-if 
else on earth have been retoided. Pleistocene ice sheets were limited 
to northwestern Siberia where some 1,600,000 miles were glaciated ' 
No evidence has yet been presented lor extensive Asiatic ice sheets. 
The mountain glaciers, however, were more extensive and tame to 
lower levels. Possibly the relatively small extent of continental gla 
ciation during the PleistcKene in Asia is in large part explained hv 
aridity. 

Complexity of the Ice Age. The Pleistocene epoch is estimated 
to have lasted about a million years. Glacial ice did not prevail all 
of this time, however, over the northern parts ol North Amciica 
and Europe. There were, rather, a series of advances of continental 
glaciers, separated by interglacial stages during which inildci 
climatic conditions prevailed. 'I he major advances and retreats have 
been established by the recognition of different till sheets superim 
posed one above another, and by the discovery between till laycis 
of buried soil horizons which carry remains of temperate and even 
subtropical vegetation. In the northeastern part of the United States, 
multiple glaciation has not been clearly established, although several 
sets of glacial striae have long been known. On Long Island and 
in the Middle West the sequence of ice invasions has been clearly 
worked out. In both North America and Europe, at four separate 
times within the Pleistcxrene, continental ice sheets made major 
advances which were followed by climatic amelioration. Evidence 
for this fourfold division of the ice age is found on both sides ol 
the Atlantic. 

' Flint, R. F., ClacM Geolog)) and the Pleittoeene Epoch, Wiley, New York, 1917 
p. 952. 
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the work of glaciers 

It is interesting to note that consolidated glacial deposits of vastly 
greater age than the unconsolidated depjsits ol the recent ice epoch 
are known. Beds of consfjlidated till, tillite, containing striated 
boulders, and resting on striated and glacially polished ledges, clearly 
are ancient glacial deposits. Deposits of this type, on the order of 
two hundred million years old, record the greatest of glaciations yet 
worked out in the history of the earth; they have been found in 
South Africa, Australia, Brazil, and locally in North America. 

Causes of a Glacial Epoch. A variety of causes have been sug- 
gested to account for glacial ep<Khs. Some hypotheses, which have 
been based upon astronomical cycles, call for periodic glaciation. 
So far as evidence of past glaciations has been collected, it appears 
that glaciation has been recurrent but not periodic. Other theories 
have been based upon drastic changes of the earth’s poles or shifts 
ot the earth’s land masses with respect to the p>oles. Large-scale polar 
shifts appear to be dynamically impossible, and large-scale continen- 
tal drifting not yet demonstrated. Such shifts in any event do not 
satisfactorily account for glacial epochs. Changes in the proportions 
of atmospheric gases have also been invoked, particularly of carbon 
dioxide. Changes of elevation, too, have been called upon, although 
evidence of changes of the necessary magnitude in recent geological 
time have not been presented to the general satisfaction of geologists. 
Further, the output of solar energy is held t" have been variable by 
some, thus accounting for cold periods of hisiory. 

The truth, when it is finally arrived a', may include elemenu of 
several of the current hypotheses. This much, at least, can be said: 
'(1) The surface temperatures of the earth are dependent upon solar 
energy; and the energy output of the sun does vary in a not strictly 
periodic way as measured over a relatively brief span of years. (2) 
The surface temperatures of the earth are related to elevation; and 
the most obvious explanation of submarine gorges and canyons of 
late geological date is that tl )«7 were cut by subaerial streams. If 
this is their origin, the lands recently have been se\'eral thousands of 
feet higher relative to sea level than at present. (3) Astronomical 
cycles that would affect sin face temperatures, to some degree at least, 
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do exist, but of themselves they have not been sole causes of glacia- 
tion. Perhaps a conjunction of causes is necessary; a conjunction 
that is not periodic but that has been recurrent. 
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CHAPTER XXII 


GEOLOGIC INTERPRETATION OF 
TOPOGRAPHIC MAPS AND 
AIRPLANE PHOTOGRAPHS 


The features of the earth’s surface art determined by geologic 
processes working upon geologic structures. 

—Douglas Johnson 

T he direct application of topographic contour 
maps and airplane photographs to such engineering problems 
as route surveys, reservoir and dam locations, flood control, irriga- 
tion and drainage planning, and many others including the con- 
struction of maps from airplane views, is obvious. Less obvious but 
of high significance are the geologic interpretations possible from 
these representations of topography. The surface features of the 
earth, which collectively comprise the physical landscape, are the 
result of two reciprocally acting sets of fonts.: these generated princi- 
pally by the sun, extraterrestrial forces: and those generated within 
the earth, terrestrial forces. The extraterrestrial forces are the sur- 
ficial agents of gradation, the most important of which are wind, 
water, and ice. The earth-born forces are those of diastrophism, 
which cause upheaval, folding, and faulting, and those of igneous 
activity which result in extrusions and intrusions. The operation 
and effects of these forces have been considered in preceding chap- 
ters. This present discussion sketches some t«f the deductions pos- 
sible as to the nature of land forms, their component materials, and 
geologic structures from study of maps and airplane photographs. 
Optimum use of either maps oi photographs requires considerable 
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experience and training. Especially does it require a knowledge of 
the geologic processes and their effects. 

The practical uses of map interpretation are highly diveise 
Reconnaissance surveys of soil conditions and suitabilities, for exam- 
ple, are greatly speeded by intelligent use of map and pliotogmpli 
Because the engineering characteristics of the various soil types tan 
be generalized (Table 5.2, page 74) a retognition of soil type dis- 
tributions from air views or from topographic maps may save much 
in engineering effort, time, and expense. It should be emphasized, 
however, that although many maps and photograpits yield much in 
formation, engineering practice calls for detailed and (|uantitati\c‘ 
data. Map and pliotograpli interpretations, thereloie. guide and 
direct ground and field work; they cannot icpiace it. Mateiial recon 
naissance by photograph and map interpretation, is aided and made 
more precise by limited sampling foi control. This is true whethei 
for foundation conditions o\er extensive areas, as for airpoti oi 
highway legation, or for construction mateiials. Indeed, for any hut 
the broadest generalization, a ptogiam of limited sampling is essen- 
tial to successful map and pliotogiaph inteiprctation. 

Any engineer concerned with soil ^nd rcKk welcomes sunc> 
methods that speed the work and yield reliable results. In recent 
years the application oi airplane photogiaphs to material sunevs 
consequently has been widely accepted. 

Characteristics of Contour Maps and Aeriai. Photcm.rapiis 

Topographic contour maps arc necessarily general i/ai ions 
Henry Gannett,' for many years Chief Topogiapher of the topo 
graphic branch of the United States Geological Survey, says: "What 
ever its scale may be, every map is a representation reduced from 
nature, and consequently there is more or less generalization. It is. 
therefore, impossible to make any map an accurate, iaithful picture 
of the 'country it represents,” In generalization it is essential to 
preserve those details of highest significance and to omit those of 

’Gannett, Henry, "Manual of Topographic Methods," U. S Geof. Survey Bull. 
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least consequence. The recognition of topographic features and 
their significance, i.e., a geological comprehension of the landscape, 
is essential to good topographic mapping of any but very limited 
areas. The possible uses of the map depend in laige measure, there- 
fore, upon judgment and skill of the topographic engineer respon- 
siblofor the map. The difference between g(x)d and poor contouring 
is well illustrated by Fig. 22-1 tiom Douglas Johnson.* In Fig. 22-lA 
the details of contouring show cleat ly the cirques, hanging valleys. 



Fic 22-1. Examples of good and poor contouiing. Note iliat in the right-hand 
figure the index forms of the a]j)]ne glaciation, the characteristic foims of the cirques, 
hanging lateral valleys, and I’ cioss-scrtion of main salle> aic lost or obscured. (After 
Douglas Johnson. Reproduccti 1» peimission from T'te Piinaples and Practice of Sur^ 
vtytftg, \'ol. ll~~Highcr Sunteymg, l>v Breed and Hosrut, published bv John Wiley and 
Sons, Inc) 

and bioad U-shaped valley floors chaiavteiistic of alpine glaciation. 
In Fig. 22-1 B genciali/atioii is i.iiricd so tar that most of the essen- 
tial characteristics are lost or obscured. The inner light by which 
one of the topographers saw evidently was of weak candlepower. 

In contrast to topographic tontour maps, airplane photographs 
portray all the minute and intimate detail of the area. The clarity 
of the detail, of course, depends on the quality and scale of the 
photograph. The disadvantap;cs, as compared to contour maps, are 
the multiplicity of detail, lack of elevations, and the fact that they 
are not true maps. However, lor some purposes the detail is ad- 

• Breed and Hosmei, Higher Sun'oiwg. 6th rd N. Y. 1947, p. 503. 
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vantageous. Stereopairs show relict much more graphically than do 
the contour maps and greatly assist in interpretation. For many 
phases of geologic interpretation, theiefore. airplane photographs 
are superior to maps. 

Contour Maps. Contoui maps ate familiar to most engineciino 
students, and, although many ha\e had some experience in making 
them, a brief review of some of their features is presented bctoie 
indicating certain types of geoh)gic intcrpietaiion. The besi-known 
and most accessible contour maps are those prepared by the United 
States Geological Survey. They may be purchased directly Ironi the 
director of that organization. 

Contents. Three principal categoiies ol leprcsentation aic in 
eluded on these maps: culture, hydiogiaphy. and lelief featmes. 
Culture includes roads, railroads, houses, bridges, boundaries, and 
other works of man. Cultural features are sliown in black. Hydiog-* 
raphy includes streams, lakes, Iresh and salt watei swamps, and 
other water bodies. Hydrography is printed in blue. Relief feaiuics 
which compiise the surlatc (onfiguiation, are indicated by (onioin 
lines, printed in l^rown. 1 heoreticaliy eveiy point ol a (ontour line 
is at the same altitude with lefeience Kj 4(nne clatuni plane, usually 
mean sea level. The contour lines, spaced at etpial \citical imcr\als 
apart, thus show the sliapes ol hills, mountains, valleys, dills, dosed 
depressions and other topographic detail. In addition, the moic 
recent maps show the principal automobile routes in icd, and on 
some maps wooded areas aie shown in gieen. 

Scales. The scale of the map is the ratio between a unit distance 
on the map and the corrc*sponding hoii/ontal ground distance. 
Thus, fractionally expressed, a unit map distance constitutes the 
numerator and the cot ri*sponding ground distance, expressed in the 
same units, constitutes the denominator. For example, a scale of 
1:63,360 means one map inch to the horizontal ground mile (63,.SfiO 
inches). Because a contour map is a horizontal projectiem, map dis- 
tances are shorter than the corresponding ground, or slope, distanc rs 
according to the relief of the map. Fractional expression of scale, 
since it is a ratio, holds for whatever units of measurement may bt 
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•ipplicd. The larger the value of the fraction representing the scale, 
the larger the map scale; thus, laige scale maps are those on which 
a unit map distance represents a compaiativcly short ground dis- 
tance. Scales are also indicated graphically by lines divided into 
units that represent the distances maikcd along the scale line. Maps 
that are to be enlarged or reduced should have graphic scales. 

Orientation. The orientation of the map is shown by latitude 
and longitude lines. True astronomkal north and magnetic north 
are shown on the map margin by arrows, and the angle between 
these directions, the magnetk declination, is stated. 

Accuracy. Mathematical pierision is not an attribute of contour 
maps. On most contour maps the elevations at the crests of hills and 
ridges, at the bottoms of valleys, and at abrupt changes of slope are 
those that have been most accurately determined in the held survey. 
1 ht contours for the most part are interpolated and sketched, hence 
the accuracy depends largely on the skill of the topographer. Or- 
dinarily, the eiror in reading elevations from contour maps is less 
than half the contour interval. Horizontal measurements are closely 
determined and closely controlled. 

Aerial Photographs. The two types of airplane photographs 
most commonly used are verticah and obliques. Verticals, or vertical 
views, are taken with the optic axis of the camera vertical: obliques 
are taken with the optic axis «)f the camei 1 tilled from the vertical. 
Obliques are called low obliques il the l;ori/on does not show in 
the picture, or high obliques if the hoiizon does show. Verticals are 
preferred if the photograph is to scr\ e as the basis for map construc- 
tion, although the obliciues t an be rectified. Mosaics are patch-works 
put together from several oscrlapping indisidual photos taken at 
different camera positions. They may cither be corrected or uncor- 
rected. Controlled mosaics appioach maps, but even these fall short 
of the accuracy ol scale and direction of good planimetric maps. 

Collimating maiks are .diown on the edges or corners of most 
photos. Lines connecting opposite collimating marks intersect at 
the cemcr of view. HaH-antiws are the most common collimating 
marks, although other t>pes of maik are also used. Numbers at the 
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comers of the view identify the individual photograph according 
to the filing system of the concern pioduring the photos. Usually 
the date and frequently the time of day are indicated. Altitude of 
flight and focal length of camera are often recorde'd; less commonly 
the average scale is marked. 

Contents. On airplane photographs, as on contour maps, cultural 
features, hydrography, and relief are shown. Shapes, distribution 
patterns, and differences in shade tones bring out these features on 
aerial photographs and. in addition, much that is not shown on con- 
ventional topographic maps. 

Cultural features, generally, can be distinguished by form nr 
pattern and by associations. Most works of man have either angulat 
or smoothly curving outlines or patterns. Natural patterns are less 
geometric. Association of features frequently give clues to specific 
identification; a common association, for example, is graveyard and 
church. Hydrographic features are rather readily recognized by 
form and pattern as well as by shade tone. Streams, lakes, and sea 
commonly photograph black, unless light reflection from them was 
directly into the camera at the time the picture was taken. If the 
water surface does reflect light directly into the camera the watei 
body photographs white, or light. Disturbed water surfaces gi\e 
varying shade tones. Dry stream courses or lake beds photograph 
light. The direction of stream flow can usually be told from the 
angle at which tributaries enter and by asymmetric bulges on the 
downstream sides of meander loops. Swamps and wet areas appear 
on photographs as dark patches, irregular in outline. Relief can be 
most easily and surely seen by stereoscopic study of paired photo- 
graphs. It can be inferred, however, from the hydrographic patterns, 
and also from the shadows cast by relief features. 

In addition to those three classes— culture, hydrography, and re- 
lief which can be distinguished on both contour sheets and airplane 
photographs— the latter show much cultural detail and distribution 
patterns and variations of vegetation, soil, and rock. 

Scale. On vertical photographs the average scale can be expressed 
fractionally as: 
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Scale (R.F.) = ^ 

/I 

where / is the focal length of the camera in inches, and A is the 
altitude in inchel. This represenutive fraction, or fractional scale 
is reduced to unity by dividing both terms by the numerator. The 
formula scale is valid for photographs taken in level flight over level 
ground. The scale can be determined also by field measurement 
between two ground points established from the photograph; or it 
can be esublished by comparison with a good map of known scale. 
The line chosen for either ground measurement or map comparison 
should pass near tlie center ol the photograph. Corrections for paral- 
lax are unnecessary for most geologic uses of the photographs; how- 
ever, if a map is being compiled, parallax corrections are necessary. 

In obliques, scale varies from place to place on the photograph. 
1 JiC .scale does not vary, however, along any one line parallel to the 
axis of tilt of the camera, although each of these lines parallel to 
the tilt axis differs in scale from any of the others. 

Orientation. The compass orientation of airplane photographs, 
if not known, can be established in several ways. One method is to 
(hoose two shat ply defined and easily identified map ptoints that can 
be fixated on the ground and to determine the direction of the 
ground line between them. Another method is to establish compass 
direction by comparing the photogiaph 'cith a sufficiently detailed 
map of the area. Approximate orientati*ai can be determined also 
if the time of day when the phcjtograph was taken is recorded by 
the direction of shadows. Most commercial air photographs are 
taken between 10 a.m. and 2:30 v.m. On many photographs it the 
flight was north-south the photograph number is in the northeast 
corner: if east-west in the northwest corner. A photograph should 
be placed in position for study so oriented that shadows in the pic- 
ture fall toward the observer; the light source should be from the 
front. 

Aerial photographs are not precise maps. Variations in flight 
altitude, in tilt of camera, and in elevation of ground surface con- 
tribute to distortion of distance and direction. They are accurate. 
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however, in the presentation of minute detail. Every object that 
can be seen from above is shown with the fidelity of camera and film 

I 

Gfoiot.ic Intfrprh aiions 

Not every contour map oi aerial photograph can be intei preted 
geologically, and there are all gradations from those which yield 
little to those which can be rathei fully icad. In all cases, familiaiity 
with the region aids in intei pretation. Many students expect to 
find the gamut ot gc‘ological infoimation on each map or photogiaph. 
Such maps or photograpiis, ol com so, aie ncvei found. Skill in 
intei pretation tomes with expeiiencc and, in paiticiilar, increases 
with that type of held expeiicnce which calls lor critical analysis of 
land loim, for example the field seauh loi clay oi giavel. The to 
ordinate use of airplane photogiaphs and contoui maps of the same 
area rapidly develops skill in map intei pi elation. 

Both depositional and erosional leatmes tell something ol the 
geology of an area. In the following disiussion, intet pretation ol 
surface featuics is briefly icviewed Sul)se(]uently some elemental y 
evidences of geologic structuie aie pouiUHl out 

Wind, Deposits ot the wind aie safTtl dunes and loess. Dune 
areas are readily recogni/able on many maps and photogiaphs. Loess 
deposits are nioic difhcult to ideiitily. Windeiosion forms are not 
commonly identifiable on cithei contoiit map oi aerial photogiaph 
Dunes. Sand dunes aie found lypually along lakes and seashores 
along some stream valleys, and in the diy legions. Most dunes aie 
small. The relief ol dunes vanes horn a lew leet to iiioie than 100 
feet, although few dunes catch moie than two oi three conlouis cm 
a 20-foot contoui interval map. Diamciers aie usually on the orclei 
of a (|uaitci mile oi less. Hoiigate dunes, parallel to lake- or sea 
shore, may be seveial miles in length, but aie coimiioiily interrupted 
by irregularities ol deposition and blow-out. 

Irregular .small lulls and associated depussions, elongate ridges 
Icxali/cd along .i shoieline. ciesccmtic dunes (haic haiies), and coinl) 
shaped hills aie the most leachly identifiahle loims. Iiiteimitteni 
lakes occupying associated clepiessions aic not uncominon, but, loi 
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the most part, sand dune areas do not have many lakes or ponds. 
\Vell-defined drainage patterns are absent. Rain readily penetrates 
the permeable sands, hence a surface drainage pattern is not devel- 
oped. Figs. 22-2A* and li represent a dune area by contour and also 
by an aerial view of dune topograpliy. On photographs, sand areas 
unless covered with vegetation commonly appear in light gray shade 



tones or white. If they support vegetation, this is usually of uniform 
type within a given region and is in contrast with the vegetation of 
less well-drained and less uniform soils. Wind-blown sands are well 
graded, uniform, and fine grained. The windward slopes are usually 
gentle, whereas the lee slopes ire steep. In a legion of variable winds, 
however, the difference in slopes is not distincti\c. 

Loess. Wind-blown silt derived from dry areas, from flood plains, 
and from glacial oulwash is tailed loess, l.oess deposits are difficult 
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to pick out on topographic maps unless the scale is large and the 
contour interval small. Two characteristics aid in the identification 
of loess. The first is an elongate, streaky pattern that is frequently 
prominent. The parallelism of low loess ridges is ‘illustrated in Fig. 
22-3A. The second is a rather typical erosion pattern that is formed 
because loess is a noncohesive soil and stands in steep slopes. 
Long, steep-walled gullies, often subparallel, hate tributaries whith 



enter at high angles; the tributaries in turn are indented by lesser 
gullies of fin-like aspect. The erosion pattern, as shown in Fig. 22-3B, 
is rather distinctive. On the ordinary 1:62,500 topographic map 
with a 20-foot contour interval, loess is seldom safely inferred. The 
thinner the loess and the rougher the topography, the less surely c^n 
it be identified on either map or photograph. 

Glaciers. Both erosional and depositional forms of glacial origin 
can be identified on maps and photographs. The effects of alpine 
glaciers, namely, cirques, hanging valleys, U-valleys (as well as certain 
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other features), are strikingly shown. The effects of continental 
glaciers also, although less spectacular, may be identified with con- 
siderable assurance. The principal deposits are: ground and end 
moraines, outwash plains, eskers and csker deltas, kames, and kame 
terraces. Erosion by continental ice sheets is principally noted in 
the “rounding” of hill and ridge forms. This rounding, due to the 



Fig. 22-3 B. Erosion pattern in loess. Note the shcit deep gullies and the right- 
iingular drainage pattern. l)i\ legion U. S Depaiiintnt of Commerce, Ci\il Aero* 
nautics Administration, Technical Development R }>oit No. 52, by Jenkins, Belcher, 
Cfiegg. and Woods. (See reference at end of chaptci ) 

carving of convex rather than angular slopes, is especially useful as 
an index of continental glaciation. 

Ground Moraine. Most ground moraine has no definite topo- 
graphic expression of its own. Indeed, the very lack of systematically 
arranged forms aids in its identification, l^ndrained depressions, 
many of which are occupied b) lakes or swamps: stream courses that 
appear more or less haphazard, without definite pattern; and many 
slopes that are unrelated to drainage lines signily ground moraine. 
In addition^ the presence of rounded hills or ridges and the identi- 
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fitation of other glac lal features, for example cskers, give suppoit to 
the interpretation. Fig 22-4 * illustrates ground-moraine topigiaphy 

A partidjlar variety of ground moraine, the^ dnimlin, is easily 
identihed by its elongated oval and smtMithly molded form. 

End Moraines Fnd moraines are the deposits formed at tht 
margins of ice advame Because the fronts of continental glaticrs 
fluctuated back and forth oser a maiginal 7onc. small iidgcs and hills 
of irregular outline form moiainal l>elts Depiessions ate asscKhtted 
in large number with most morainic belts. The many irregulai 
hills and depressions locally resemble sand dune topogiapliv Ridt>( 
like elongations, distribution as a belt independent oi sand soinci 
and abundant small isatei bodies help to distinguish moiainu 
topography from dune topogiaphy Many, but not all inotainu 
belts have outwash plains in front ol them, as shown in I ig 22. 1 * 
The identification of asscuiated outwash plain, kettle holes gioiui'l 
moraine, or other glacial deposits conhtms the niorainu chaiaiui 
of the belt. The indisidiial knobs and ridges aie laielv as much 
as 100 feet in relief 

Materials composing moiaines are (ill I he clayey tills hasi 
lower slopes and ilattei toims S\sampT-and lakes imply high watci 
table and impermeable mateiial beneath In glaciated regions the 
impermeable mate 1 lal is often c layey till Steepci iiioie pionoiimcd 
slopes arc induatise oi stony tills 11 the (li.it.i(tci of tin Ixdioik 
can be inferred from the topogiaphy infeicnccs can be diawii is 
to the nature of the till For example giaiute lulls in most mst.iiucs 
indicate a rocky till sedimentary locks indicate that the tills ol 
ground and end moraine aie probably sandy or clayey. 1 ill deposits 
tend to be thinner and coarsei on the upper slopes and hills than 
on lower slopes and lowlands 

Stratified Drift Outwash plains aic distinguished by their rcia 
tively smooth surfaces and by their relation to rnoiainit topograpiiy 
Many outwash plains, however, are pitted with kettle holes Pitted 
outwash, for the most part means that the deposit was built by 
receding ice, and that the asscKiated moraine was built as a reces 
sional rather than as a terminal moraine 
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Eskers are long, sinuous sand and gravel ridges. 7 hey are unique 
and easily recognized on map or pliotograpli. They are knobby and 
frequently discontinuous. Kames, of somewhat similar origin and 
composed of similar material, are irregularly rounded hills which 
seldom occur singly. Eskers vary in length from a few tens of feet 
to many miles. They seldom exceed 100 feet in relief. Kames arc 
roughly equidiinensional, rarely more than GO feet in relief or as 
much as a third of a mile in diameter. Esker deltas were built where 
glacial streams discharged into sea or lake. They are relatively flat 
topped and are lobate in outline, as .shown in Fig. 21-9 (page 516). 
The surfaces of many are pitted with kettle holes. Kame terraces are 
irregular, somewhat knobby forms found a’ong the walls of glaciated 
valleys. Locally they are ttuind as a series of steps; if so, the highet 
terraces are more irregular of form and are made of coarser, less 
uniformly graded gravel than the lower terraces. Fig. 22-5 shows 
the appearance of kame terraces. 

Streams. Stream deposits are readily identified by their flat sur- 
faces and by tlieir pcjsition with respect to streams. Extensive flood 
plains of large, slowly flowing streams are composed of silt or silty 
clay. Those of smaller extent, asscKiated with rapidly flowing 
streams, are made up of coarser mateiial. Natural levees backed by 
flood plain and swampland are paititulaily conspicuous. Meander 
scars and abandoned channels, also, are esp-'^ially obvious on many 
flood plains and are unmistakable leatuies of many maps and photo- 
graphs as shown on Fig. 22-G. 

River terraces margin many streams. In gbciated regions they 
are particularly abundant. Both alluvial terraces— composed of 
gravel, sand, or silt— and rtxk terraces are present. The former are 
often more fragmentary and less continuous than the rock terraces. 
The dissection pattern may aid in the distinction between them. 
Terraces composed of the finer alluvial material? may be somewhat 
gullied at the terrace margin. Sand and giavel terraces or rcKk 
terraces, however, are generally undisset ted. If terraces flank both 
sides of the stream continuously at corresponding elevations, they 
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are probably rock terraces. Nevertheless, the distinction between 
the types is often difficult or impossible without field examination. 

River bars, which if extremely numerous give the stream the 
braided aspect seen’in Fig. 22-7* as well as deltas, are readily appar- 
ent on maps and photographs. The greater the gradient of the 
stream, the coarser the material making up the deposits. The shoals 



Fig. 22*6 Meander scars and filled in oxbow lake (U S Dept, of Agriculture) 

of channel crossings and other parts of the stream, although not seen 
on contour maps, are readily picked out on photographs. 

Alluvial fans, especially well-developed deposits flanking moun- 
tain areas in semi-arid lands, are easily recognized. Alluvial plains 
huilt by the coalescence of piedmont fans have arcuate contours 
related to the streams that build them. Alluvial fans are composed 
of gravel, sand, and silt. The coarsest material is found in the higher 
parts of the fan. 

Stream erosion patterns, as seen on maps and photog^raphs, are 
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u( significance because both structural and lithologic infereiues on 
be drawn from them. The niaiur stieatn patterns are, in general, 
conditioned by the lithology and structure ol tlie bedrock. Minor 
or micro-patterns are to a large degree determined by the composi- 
tion and texture of the regolith. Discussion of structural and litlui- 
logic interpietations of bedrock is deferred to a later section of this 
chapter (page 552). Some inferences as to soil types, drawn bom 
dissection patterns, however, are given here. 

Permeable soils— gravel, sand, and to a lesser extent silt— which 
have gently sloping surfaces develop little or no sutface erosion 
pattern. In contrast the impermeable soils, principally ol the clay 
group, have surface lun-off which results in the development of a 
stream or gully pattetn. Because of leady peimeability, sand and 
gravel soils even on steep slopes suffer little dissection. Karnes and 
eskers, for c'xample, have almost entiiely escaped sciilptuting since 
they were foinied some filteen or twenty thousand years ago 
[,cx;ally, however, tlu'se ccrarse soils have been gullied. The common 
crosicjn form is the short, steep-walled, “U” gully. The dtaitiage 
texture is comparatively coarse. Drainage texture means the spacing 
of the streams or gullies. I'he dissection pattern ol loess (silt) has 
already been pointed out. The drainage texture ol silts is somewhat 
( loser meshed than that ol sandy soils. Clays and c laycy soils, on 
the other hand, shcjvv characteristically a frne drainage texture. The 
slopes are “soft” rounded slopes, with a maze of branching open 
‘V” gullies readily detected on photographs and good coiriour maps 
,is illustrated in Fig. 22-8. The differ ertce in dissection between sand 
and clay can be seen on a nrinute scale irr sand and clay barrks or 
fills. Abandoned brick-clay excavations, for example, Irecpieritly 
present miiriature bad-land topography. 

Soil texture and type can be deduced Iroin airplane photograpl’’* 
by other methods than those just described, l^nd u.se, as pictured 
on airplane views, may give a clue to soil drainage, hence type. For 
example, orchards reejuire lairly well-drained soils; cxairrpics could 
be multiplied. Vegetation, although diflrcult to interpret, may give 
reliable indications of soil condition; wet or dry situations, for 
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example, can often be determined. Variations in soil shade tone are 
also indicators, and if field sampling on a limited scale establishes 
the significance of the sliade variations, accurate deductions as to 
soil type distributions may be made. An excellent report on soil 
identification with special reference to airport and highway engineer- 



Ftr.. 22-8. Glacial till plain. The <lark areas are plastic silly clay: the liRht areas ate 
ore silty and drier. .Note the soft slopes and relatively line-lcxtiired ilraiiiaRC P-’f ' 
aractcristic of clayey terrain. (Couiicsy ot I'. .S. Depanment of Conimcrtc. Civil 


more 

characteristic of clayey 
Acronaiii ics Admin ist i at ion) 


ing has been prepared by the Civil Acropauiics Administiation of 

the U. S. Department of Commercc.=> 

Ground Water. Evidences ot ground water are confined to areas 
underlain by some soluble r<x:k, usually liiuesionc. Fhe principal 
topographic form which results Ironi ground water woik is the sink 


* Jenkins, D. S., Belcher. D. J.. tiregg. L. K., an.l WtKitls, K. B.. 
bution, and Airphoto Identification of United States .oi s. <» <■ 
iVo. 32 , U. S. Department ol Commerce, 19 1C. 
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hole. Sink holes are depressions of greater or lesser depth. Many 
are mere sags resembling glacial kettle holes. Others are steep-sidid 
rock-rimmed depressions of considerable depth. Some are mote than 
300 feet deep and many are 20 to 50 feet deep. Aoughly circular m 
plan, they vary from a few feet to a lew hundred feet in diameter 
Many sinks contain small ponds. If the limstone lies in hoiuontal 



Fic 22 9 Karst topography Note relatuely few surface stieams and min> sinks 
(Courtesy of U S Department of Commerce, Civil Aeronauncs Administration) 


position, at or near the surface, sink holes are distributed throughout 
the area. Some areas have sink holes only in the lowlands or along 
valleys. It may be deduced from such a distribution that the up 
lands ojr hills are capped with an insoluble rock It the sink h«l<s 
are distributed in linear pattern, it may be inferred that the liuu 
stone is folded; the rows of sinks follow the limbs of the fold. 

Karst topography is illustrated by Fig. 22-9. A karst area can be 
likened to a stone sieve; rain-water passes through the sinks and 
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c-irculates underfjround. C^onsecjuently little f)r no surface drainage 
develops. The briundaiy, thcrelorc, between a karst-limestone area 
and one underlain by some other type of rwR often can be ap 
proximated by study of the map or photograph. 

tMkes and Seas- L^ake and sea t oasts display various readily recog- 
nizable deposits and erosion features. Most of these are so obvious 
on map or photograph as to require no comment. It may be well, 
however, to mention that airplane photograpJis are adsantageously 



Tif. 22 10 \ Hevatccl Bearh Ridges. (Royal Canadian Air Foice) 


used by the engineer concerned with shoreline changes. The migra- 
tion of littoral zone sediments and localization of deposition and 
erosiem can be readily detci mined by a comparative study of photo- 
graphs taken at different times. 

Marine and lake deposits aic found miles aw^ay from present 
sea- and lakeshores. They wcie built at times of past higher water 
levels. Recognition of these foiins is of particular value in regions 
otherwrise devoid of good construction material. Beach ridges, now 
high and dry, are shemn in Fig% 22- 10 A. and B.^ Hills that were once 
islands may have wave- or current-built appendages of sand or gra\el. 
A drumlin in Maine, for example, has a hooked spit attached which 
has yielded much gcx)d gravel, although the material of the drumlin 




Fic. 22-11. (Canadian Geological Survey) 
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itself is practically worthless. The deposit was first recognized by 
study of the contour sheet. 

Gravity. Earth movements in mountainous areas often can be 
recognized by landslide scars, which on aerial photographs are easily 
discerned. On topographic maps recognition is more difficult. On 
some maps, however, as shown in Fig. 22-11, contours clearly show 
the slides. Landslide material usually shows an inegular hummocky 



Jic. 22-12. Slumgullion mudflou, respomible loi ban Cnstobel Lake, Colorado (II. S 

Geological Sune\) 


surface. A line of depressions at the base of a steep slope, especially 
if hummocky topography is associated on the down-slope side, sug- 
gests landslides. Locally, streams ha\ e been dammed by earth move- 
ments, forming lakes as shown in Fig. 22-12 and, locally, valleys have 
been narrowed. Deflection of the stream by slide or flow may be 
detected where slide scats are lacking. Sod-ciacks, which appear as 
dark lines roughly parallel to suiface conioui, and cat-steps, or 
terraces, can be detected on some photographs. These indicate creep, 
they do not appear, howevei , on contour maps. 
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Because slide or flow material is so frequently troublesome in 
engineering practice and, in particular, is dangerous material for 
dam foundation or abutment or as a site for highway location, 
engineers are well advised to study carefully the piienomena of earth 
movement. 



Fic. 22*13. Airphoto of structural dome. Note tendency for concentric drainage. 
(Royal Canadian Air Force) 


Topographic Structural Expression 
In many regions, structures of the underlying bedrock are re- 
flected in the topography. The primary, cause for topographic ex- 
pression of structure is the difference ill resistance to weathering 
and erosion displayed by adjacent rock types. Resistant rocks are 
etched in relief; weak rocks are worn into valleys and lowlands. Thf 
weathering and erosion processes concerned, the state of reduction 
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(topographic age) of the surface, and the structures affected deter- 
mine the topography. Without differences of rock resistance, how- 
ever, topograpliy would be structurally meaningless. Folds, faults, 
and igneous activity bring adjacent rocks of different resistance into 
the domain of weathering and erosion; furthermore, faults and 
joints may weaken the rock or l(K'ali7.e erosion. The erosion pattern, 
consequently, through the distribution and character of both nega- 
tive and positive relief features, gives indications of underlying 
structure. In other words, both drainage patterns and hill or ridge 
patterns are useful in structural interpretation of topography. 

Folds, Hogbacks, and Curstas. In many areas of folded or tilted 
rocks comprised of a series <jf alternating resistant and nonresistant 
layers, the streams assume a trellis pattern. Indeed, this pattern 
indicates adjustment of streams to structure and resistance. If the 
folds making up the structure plunge, the subsequent streams may 
be deflected about the noses. If the structure is that of a dome or 
basin, subsequent valleys may be roughly concentric (annular) about 
the structure. Fig. 22-13 shows a structura! dome. 

Folding and tilting are recognizable on maps and photographs 
by the ridge and hill pattern. Fig. 22-14* shows a looped ridge. Be- 
cause the north slope of the nose of the western loop is long and 
gentle, the structure is inferred to be a northerly plunging anticline. 
The nose of the adjacent loop to the east ■-lopes off rather abruptly 
to the south. This part of the structure, consequently, is inferred to 
be a northerly plunging syncline. 

If resistant rock ridges are asymmetrical, the ntore steeply sloping 
sides commonly face away from the dip direction. Asymmetric 
ridges are well illustrated in Fig. 22-15;* the dip is inferred to be 
westerly. Asymmetric ridges are called hoglxicks. Striu lures similar 
to hogbacks but with gentle back slopes arc tailed tue.sUis. A cuesta 
thus consists of a steep erosion escarpment, or cuesta face, and a 
gentle back, or dip. slope. Cuestas are found in areas of gently dip- 
ping rocks and indicate the direction of regional dip. The cuesta 
of the southerly dipping Niagara limestone, for example, can be 
traced across much of the northern part of New York State and far 
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beyond through the lake states into Canada. There are. of rniir.se. 
many other typos of esrarpincnt. 

In addition to the criteria mentioned, folding can often be de- 
tected on airplane photographs by the outcrop pattern, which on 
some pictures can either be seen directly or inferred from vegetation 
patterns. 

Faults. Faults are difficult to detect on topographic maps. If the 
faulting is recent, fault scarps may be distinguished. A fault scarp 
is the abrupt slope or cliff produced by the dislocation itself, not 
greatly modified by erosion. Most fault scarps are comparatively 
straight, whereas most other regional escarpment types, cuestas for 
example, are sinuous. Only very recent faults display fault scarps, 
however, for erosion quickly destroys the form. If rocks of unequal 
hardness have been brought together by faulting, a fault-line scarp 
often develops by the wearing away of the softer rocks along one 
side of the fault. Fault-line scarps, consequently, may face either in 
the same or opposite direction as the f)riginal fault scarp. Because 
they are erosion forms and are themselves dissected by erosion, fault- 
line scarps, as seen on maps and photographs, are frequently indis- 
tingpiishable from other types of scarp. 

Stream dissection or erosion of fault scarps gives rise to triangular 
facets which terminate the spurs of the uplifted mass, as was shown 
diagrammatically in Fig. 9-18 (page 190). In nature, of course, these 
truncated spurs are not so clearly triangular in shape; however, 
careful observation in many instances will reveal their character. 
Fig. 22-16,* tor example, suggests the probability of a fault marginal 
to the mountainous area. 

Faults are more easily detected on airplane phot«>graphs than on 
contour sheets. Fig. 22-17, for example, illustiates laulting very 
clearly. On photographs, topographic bteaks transecting the strike 
of be<te and rectilinear boundaries between adjacent areas that Con- 
trast with each other in structure, in t(^)graphy, in vegetation, or 
in soil shade suggest faulting. Angulate drainage patterns, also, sug- 
gest fracturing, although not necessarily faulting. 
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The maps and photographs of some areas show rectilinear pat- 
terns of drainage and relief. In some instances the fractures 
themselves can be s^en on airplane photographs where given promi- 
nence by weathering. Fig. 22-18* illustrates rectilinear patterns. 
Erosion has been controlled or directed by the fractures, which may 
be either or both joints and faults. 



Flc. 22-17. AirphcHo of laiill. (Ro)al C;.in.i*liaii Air loice) 


Igneous Intrusions. Igneous intrusion forms r(Kk in many places 
that is more resistant than the rocks into which the intrusion is 
made. Inequalities of resistance are often sulTicient, therefore, to 
develop recognizable topographic forms. I.(Kallv dikes make promi 
nent wall-like ridges as shown in Figs. 22-l'.)A and Ik* On airplane 
views this topographic form can be more certainly identihed than on 
the contour maps, for in many photographs they can be seen to tran- 
sect structure. Sills are less certainly identified than dikes because 
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they are similar in topographic form to the ridges of more resistant 
strata of a sedimentary or metamorphic sequence. 

Large intrusions, as stocks or batholiths, stqnd up in relief m 
many areas. Although they, themselves, may be considerably modi 
fied, a contrast in erosional detail, trend of valleys and ridges, and 







Spence Air i'hotos 


Fig 22 19 a Volcanic neck and radiating dikes. New Mexico 


type of slope frequently permit ready identification on either photo- 
graph or contour map. Large intrusions are mostly localized in 
regions that have been strongly folded. Although many are elongate 
in the direction of prevailing strike, they commonly weather into 
rounded hUls which contrast with the Elongate strike ridges so fre 
quently displayed by the associated rock. Fig. 22-20 shows a granite 
intrusion, the margin of which can be rather closely approximated 
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The references in the text to the following colored maps are 
marked with a black star (*). 
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Fig. 21’7 b A contour map of eskers, showing three i^ell defined eskers and many kames. (U. S Geological Survey) 






Fic. 22-2 A. Sand dunes and blow-outs. (U. S. Geological Survey) 






Kio. 28*7. A brakM ftmiii. Jiut out of Og^llali^ Ncbruka. Much of the water < 
Che South Platte movel thcou^ the channel dcfioilti. The dladuurge of the Nort 
Platte ia ont^r about IS ^ vent greater than that of the South Platte. Note the tan 
dvm topography. (U. 8. Geological Survey) 



Tvs. 22-10 B. Abandoned beach ridge*. (U. S. Geological Survey) 





Scale fmsb 



•SkmeUrt 


Ccnlcar mUqnral 100 feet 

P rn t iw m U DIMM tm Immi 


Vie. 22-16. Poorly expressed criangular iiuh (U. 8. Gecdogical Survey) 



».18. RecunguUr fractuw pattern as indicated Elitabet town 

Ynrk, ru. S. Geological Survey) 






Fic. 22-19 B. PorUoti of Ship Rock, New Mexico* Quadrangle, showing vokanic 
ntdk and radiating dikes. Coifipare with aerial photograph of Fig. 22-19 A, (U- 

Geological Survey) 



Fic. 22*22. Lava flows from Haleakala Crater, Territory of Hawaii. Note very rough surfaces of flows. Contour interval is jO feei 

(U. S. Geological Suivey) 




GEOLOGIC INTERPRETATIONS 


569 


merely by map inspection. Locally, intrusive masses have domed the 
country rock. Subsequent erosion may strip off the cover leaving a 
series of infacing scarps, cuestas, or hogbacks, concentrically sur- 
rounding the massiire igneous core. Fig. 22-20 illustrates these rela- 
tions. 

Iffteous Extrusions. The pi incipal topographic forms developed 
by volcanic extrusions are cones, craters, and lava flows. Where 
craters are presersed, and that is only in regions of active or recently 
active volcanism, little difficulty is encountered in identification of 
volcanic forms. Elsewhere, craters have been destroyed and topogta- 



Fic. Dome with Igneous core md A( 

(Courtesy of U. S. Detriment of Commerce, Civil Aeronautics a 
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phy of volcanic origin must be recognized from other indications 
The conical shapes of volcanic mountains, even though miuh dis 
sected or modified by erosion, persist long after craters have been 
destroyed. Many lava flows can be identified as radial bulges on 
the flanks of extinct volcanic mountains; as shown in Fig. 22-21 

r 





Fig 22-21 Lava flow and cinder cones east of San Francisco Peaks, near 
Flagstaff, Arizona 

Dikes radiating from a common center suggest a volcanic origin for 
the central mass. Many lava flows that have not been much eroded 
show extremely rough surfaces, pitted and ragged in detail. The 
roughness is easily detected on airplane views and on some topo 
graphic maps, as shown on Fig, 22-22.* Other flows have ropey flow 
ridges roughly concentric, and convex in the direction of flow. 
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Ijivas usually photograph with dark shade tones, and on either maps 

or photographs give the impression of plastic materials that have 

flowed down slope. 
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APPENDIX I 


SOURCES OF GEOLOGIC 
INFORMATION 


Standard professional geological journals found in most tech 
nical libraries are: 


iran Journal of Science 
American Mmetalogtst 

Bulletin of the American Asiociation of Petroleum Geologists 

Bulletin of the Geologiial Society of America 

Economic Geology 

Journal of Geology 

journal of Paleontology 

Journal of Sedimentaiy Petrology 


The U. S. Cieological Survey publishes also, a series of bulletins, 
professional papers, and monographs: and .l-e various state geologi- 
cal organizations issue publications. Of iiighest utility are t e 
bibliographies of North American geologv issued by the U. S. Geo- 
logical Survey. U. S. Geological Survey Bulletins 746 and 747 index 
by author and subject geological publications on 
from 1785 to 1918. U. S. Geological Survey 
the literature from 1919 to 1928, and Bulletin 937 from 1929 to 
Yearly bibliographies index the literature on North America since 

1939 

Inform., ion can bo hrf bv writing ,o the I S. 

vey, Wmltin'gton. »• f - “ “ ■''' .'.STSe 

de^nmenu of moM of the state ttntvemttes. and many o P 
universities and colleges. 
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The state geological surveys are: 

Vlabama Geological wSurvey, University, Alabama 
Arizona Bureau of Mines, Tucson, Arizona 
State Geologist, Little kock, Ai Kansas 

California Division of Mines, Department of Natural Resources, San 
Fiancisco, California 

Colorado Geological Suivcy Board, Denver, Colorado 
Connecticut Geological and Natural History Survey, Storrs, Connecti- 
cut 

Florida Geological Survey, Tallahassee, Florida 
Department of Mines, Mining, and Geology, Atlanta, Georgia 
Idaho Buieau of Mines and Geology, Moscow, Idaho 
Illinois Geological Survey, Uibana, Illinois 

Indiana Division of Geology, Depaitment of Conservation, Indianapolis, 
Indiana 

Iowa Geological Survey, Iowa Chty. Iowa 

State Geological Survey of Kansas, Lawrence, Kansas 

Kentucky State Dcpaitmeiu of Mines and Minetals, Lexington, Kentucky 

Louisiana Geological Suivey, Baton Rouge, Louisiana 

Maine Geological Survey, Augusta, Maine 

Maryland Department Geology, Mines, and Water Resources, Baltimou 
Matyland 

Michigan Geological Suivcy Division, -Depaitmeiit of Conservation, 
Lansing, Michigan 

Minnesota Geological Survey, Minneapolis, Minnesota 
Mississippi Geological Suivey, University, Mississippi 
Missouri Geological Survey, and Water Resouices, Rolla. Missouii 
Montana State* Bureau of Mines and Geology, Butte, Montana 
Nebraska Geological Survey, Lincoln, Nebraska 
Nevada State Bureau of Mines, Reno, Nevada 
New Hampshire State Geologist, Durham, New Hainyishiic 
New Jersey Division of Geology and Topogiaphy, Department of Con 
servation and Development, Trenton, New Jeiscy 
New Mexico Bureau of Mines and Mineral Resources, Soccorro, New 
Mexico 

New York State Museum. State Education Department, Albany, New 
York 

North Carolina Depaitment of Conservation and Development, Raleigh> 
Nortli Carolina 

North Dakota Geological Survey, Grand Forks, North Dakota 
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Geological Survey of Ohio. Columbus. Ohio 
Oklahoma Geological Survey, \oiiiian. Oklahoma 

Oregon Slate DcpartmeiU ol (Uology and Mining Industries, PoMland, 
Oregon 

Pennsylvania Topographic and Geological Survey. Harrisburg, Pennsyl- 
vania 

Rhode Island Mineral Resources Commission, Rhode Island Industrial 
Commission, Providence, Rhode Island 
South Carolina Geological Suivey, ("oluinbia. South Carolina 
South Dakota Geological Suivey, Vcimillion. South Dakota 
Tennessee Division ol Geology. Nashville, lennessee 
Texas Bureau of Economic Geology, Cnivcisity of Texas. Austin, Texas 
Vermont Geological Survey, Biulington. Vennont 
Virginia Geological Survey, Chai lottc'sville, Viigiuia 
Washington Division of (icology. Dc^pai tine lit ol (Conservation and De- 
velopment, Pullman. Washington 

'V^sf Virginia Geological and Economic Suivey, Moigaiuovvn, West 
Virginia 

Wisconsin Geological and Natiual Ilistoiy Suivey, ^[adlson, W^isconsin 
Geological Suivey of Wyoming, Laiamie, Wvoming 

Information of Canadian Geology can be had from: 

I’he Geological Survey of CCanada, Ottawa 

Alberta Department ol Lands and Mines. Edmonton 

British Columbia Depaitnient ol Mines, X’ictoi ia 

Manitoba Dcpaitmcnt of Mines and Naiurd Resoniccs. W'innepeg 

New Biunswirk Depaitnient oi Lands and Mines, riedeiictoii 

Newfoundland Department of Mines, St. fohu's. 

Nova Scotia Department of Public WoiLn and Mines, Halifax 
Ontario Department oi Mines, 'Loiomo 
CJucbec Depaiiment of Mines, (Hiebec 
Saskatchewan Depaiiment ot Natutal Resource's, Regina 
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THE PHYSICAL PROPERTIES 
OF SOME COMMON ROCK TYPES' 

Tabi.e a. Weight Per Cubic Foot 

Material Weight (Ih/cu ft) 

Granite 162-172 

Marble 165-179 

Limestone 117-175 

Slate 168-180 

Quartzite 165-170 

Sandstone 119-168 

Table B. Compressive Strength 

Material Compressive Strength 

(Ib/in^) 

Granite 5000-60,000 

Marble 8000-27,000 

Limestone 2600-28,000 

Sandstone 5000-20,000 

Quartzite 16,000-45,000 

Brick 1000-20,000 

Table C. Tensile Strength 

Material Tensile Strength 

(Ib/in^) 

Grani^ 427 to 711 

Limes^e 427 to 853 

Marble 427 to 1280 

Sandstone ; 142 to 427 


Research Paper R P 1J20, 1940. Tablet C, F (rom The Irttemational Critical Tables, 
1987. 
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Tabi-e D. Shearing Strength 

Shearing Strength 
(Ih/in^) 

3700-4800 

Slate 2000-3600 

Marble 1300-6500 

Limestone 800-3600 

Sandstone 300-3000 

Table E. Flexural Strength 

Material Modulus of Rupture 

(Ib/in^) 

Granite *. J380- 5550 

Marble (>00- 4000 

Limestone 500- 2000 

Slate 0000-15,000 

Sandstone 700- 2300 

1'abie F. El as lien y 

Material Modulus of Elasticity 

(Ib/in^) 

Granite 1,545,000 to 8,700,000 

Marble 7,250,000 to 10,150,000 

Slate 8,700,000 to 13,050,000 

Limestone 4,350,000 to 8,700,000 

Sandstone 2,320,000 to 1,885,000 

T able G. Toughness 

(For this test the specimen was mounted securely on heavy cast-iron base. A steel 
plunger with the lower end loundcd resis on the sj»ecimcn, and a 2-kg weight is 
dropped on the plunger by a motor driven sprocket chain. The height of the first drop 
is 1 cm. and each succeeding drop is increased by 1 cm.) 

Material T oughness 

Range Average 

Granite 7 to 28 13 

Diorite 6 to 38 23 

Basalt 5 to 40 20 

Diabase 6 to 50 19 

Quartzite 5 to 30 15 

Sandstone 2 35 10 

Limestone 5 to 20 7 

Marble 2 to 23 6 

Slate 10 to 25 - 
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Tasle H. Adkasivf. Hardness 

Material H, Values 

Granite S7 to 9 h 

Marble 8 i(» 

Limestone 1 to 2) 

Sandstone ' 2 to 2(i 

Slate 6 to 12 

Table 1. Absorfiion 

Material /thsorption 

by Weight 

(%) 

Granite 0.07 to 0.30 

Marble 0.06 to 0.4r) 

Slate 0.01 to 0.60 

Quartzite 0.10 to 2.00 

Sandstone 2.00 to 12.00 

Brick 0.20 to 30.00 

Table J. Porositv 

Material Poiosity 

(%) 

Granite 0.4 to 3.84 

Marble 0.4 to 2.1 

Slate 0.1 to 1.7 

Quartzite 1.5 to 2.9 

Sandstone 1.9 to 27.3 

Limestone 1.1 to 31.0 



APPENDIX III 


TABLES FOR THE IDENTIFICATION 
OF SOME OF THE COMMON 
MINERALS 


The following tables have been compiled to assist in the identih' 
cation of minerals. With some acquaintance, many of the common 
minerals are identified at sight without difficulty. Others require a 
few checks, and others still may require extensive tests to esublish 
their identity. 

Use of the Tables. The major divisions of minerals in these 
tables are based on differences of streak; thus four major divisions 
are separated. By consulting the “Key to the Tables” a mineral can 
be placed in one of these streak classes. The streak classes are divided 
into color groups, which in turn are separated into divisions with 
or without cleavage. A further subdivision is based on hardness 
relative to ordinary window glass. 

In the determination of a mineral by these tables, therefore, 
the streak is determined, and the color of the mineral noted. It is 
then examined for cleivage, and its hardness determined. These 
observations fix the position of the mineral in one of the groups of 
the “Key to the Tables” and refers to the proper table for specific 
identification. Further checking through the proper table will 
usually eliminate all but ti«e correct species. Physical properties 
vary within limits. Cleavage, for example, is not always well de- 
veloped or readily recognizable. A number of the minerals, there- 
fore, are described in several tables. It is hoped that this duplication 
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of descriptions will facilitate the running down of the individual 
species. 

As an example of the procedure in identifying a mineral, the 
steps followed for a specific mineral might be indicated; the mineral 
is dark colored, almost black in appearance, very glassy. The streak 
is found to be uncolored. By examination of the specimen, its sur- 
faces are seen to be irregular and no two surfaces we parallel; no 
“looking-glass" surfaces arc present. Hammered, it breaks irregu- 
larly. It is found to scratch the hammerhead or a glass plate. Refer- 
ence to the “Key to the Tables" shows that it falls in the “B" group 
because the streak is colorless. On the basis of color it belongs in the 
subdivision under “B” of “Very Dark to Black” minerals. Further, 
it falls in that group that “shows no cleavage" and "scratthes glass ” 
According to this preliminary identiheation. Table XIII is indicated. 
By that table, all but black tourmaline and smoky quartz are elimi 
nated. In the column under “Remarks” it is noted that tourmaline 
commonly shows fine lengthwise parallel lines or striations. The 
mineral in hand shows no striations nor do the other specimens of 
the same mineral. It is identified therefore as smoky quartz. 

One other example may be given. Tlie mineral to be identified 

is red. The streak is found to be “white or colorless": therefore the 
0 

mineral falls in the “B" group. The color ol the mineral plates it 
in the “Yellow, Red, or Brown” subdivision. It is only with difficulty 
that the knife blade is scratched; the hardness, therefore, is about 
six, that is, the mineral “scratthes glass." Because of the smooth 
regular breaking surfaces, it is plated in the group that "sluiws 
cleavage.” These properties direct to Table XV (page 599). This 
table indicates that the mineral is either ortlioclase or plagioclase. 
Under “Remarks,” it is stated that plagioclase sometimes has stria- 
tions on the cleavage surface. Such striations are not always-visible 
to the. naked eye; hence it is concluded that the mineral is feldspar, 
and probably orthoclase. 
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KEY TO THE TABLES 

A, STREAK— Very Dark to Black 

Color of Mineral: Silvery to Grey 

. Scratches glass 

Will not scratch glass 

Color of Mineral: Dark Grey, Blue black 

Scratches glass 

Will not scratch glass 

Color of Mineral: Yellow, Red, or Biown 

Scratches glass 

Will not scratch glass 


TABLE 


I 

II 

111 

IV 

V 

VI 


B. SI REAR— White, Silvery to Mecliurn G ey, or Pale Coloied 

Color of Mineral: White, Silvery, Pale Colored, or Colorless 
Shows cleavage 

Scratches glass VII 

Will not scratch glass VIII 

Shows no cleavage 

Scratches glass IX 

Will not scratch glass X 

Color of Mineral: Very Dark to Black 
Shows cleavage 

Scratches glass X.1 

Will not sciatch glass XII 

Shows no cleavage 

Scratches glass XIII 

Will not sciatch glass XIV 

Colot of Mineral: Yellow, Red, or Btown 
Shows cleavage 

Scratches glass XV 

Will not scratch glass XVI 

Shows no cleavage 

Scratches glass XVll 

Will not scratch glass XVlIl 

Color of Mineral: Blue, Green, or Vwlct 
Shows cleavage 

Scratches glass 

Will not scratch glass 
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Shows no cleavage 

Scrau hes glass XX I 

Will not sciatch glass XXII 

C STREAK—Yellow. Red, oi Brown 

Color of Mineral: Very Dark to Blatk 
Shows cleavage 

Scratches glass XXIIi 

Will not sciatch glass XXJV 

Shows no cleavage 

Scratches glass XXV 

Color of Mineral: Yellow, Red, oi B)own 
Shows cleavage 

Scratches glass XXVI 

Will not sciatch gh^ss .... XX\'II 

Shows no cleavage 

Sc latches glass XXV’III 

Will not sciatch glass XXIX 

D. STREAK-Bliie oi Green 
Shows cleavage 

Scratches glass XXX 

Will not sciatch glass XXXI 

Shows no cleavage XXXIl 


Abbreviations Used in Tables 


dissem. = disseminated 
gran. = gianulai 
ign. = igneous 
indist. indistinct 
Is. = limestone 
med. = medium 


meta. = meiainoiphic 
prism. = prismatic 
tab. = tabular 
vitr. — vitreous 
xls. = crystals 
x-wise = crosswise 



TABLh 1 
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{ mctamorpi^ic rocks. 



STREAK; Very Dark to Black 
COLOR; Dark Grey. Blue, Black 
Will not scratch glass 
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STREAK; Very Dark to Black 
COLOR: Yl^w, Red. or Brown 
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Table Vfl is continued on next page 










TABLE Vll— (Continued) 
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Brownish White Partings \ itr \ls granular I Corundum | Hardness and barrel like 

grey resembling massne \UO \ls Not found uith 

black clca\ages quirtr 





STREAK White, Sil\er\ to Medium Grey 
CX)LOR White, ColorlciS to Pale Color 
Shows cleavage 

Will not scratch glass 



Table VIII ii continued on next page 
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Table IX it cetHtnurd on next page 













TABLE IX— (Continued) 



Table X ts conttnued on nr ' t pOfft, 



















































TABLE X— (Continued) 

























STREAK; White. Silvery to Medium Grey 
COLOR: Very Dark to Black 




TABLE XI -(Continued I 


1 Remarks 
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Table Xlf is continved on next page 



























STREAK: While, Sil\er>. Meiliiim Gro or Pale Coloicd. 
COLOR. Ver\ Dark to Black 
Sho^v^ no cleaxa^ 

Scratches glass 
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Tabie XlII is continued on next pa^e 
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Table XV is continued on next page 







































K: White, Silvery, Medium Grey or Pale Colored 
: Yellow, Red, or Brown 



Table XVI is continued on next page 













































TABLE XV1~<Continued) 
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STREAK: White, Silvery, Medium Grey or Pale Colored 
COLOR: Yellow. Red, or Broivn 
Shows no cleavage 
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Table XV ll it continued on next page 




T \BLF XV II —(Continued) 
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STREAK* White, Silven, Medium Grey or Pale Colored 
COLOR Bhie, Green, or Violet 
Shows cleavage 
^latches glass 





TAHLE XIX— (Coniinue 
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Table XX is rontinued on next page 

















TABLE XX-(Coniinueil) 
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trown, grey | I cleavage 





























































STREAK While, Sil\ci>. Medium Gre> or Pale Coloied 
COLOR Blue, Green, or \ lolet 
Shows no clea\age 
Scratches glass 















610 


Table XXIII ts continued on next page 









































































STRFAK Yellow Red or Brown TABLF \\V 

COLOR \ ery Dark lo Black 
Shows no clea\age 
Scratches glass 
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STREAK: YcIIoiv. Red. or Brown 
COLOR: Yellow. Red, or Brown 
Shows cleavage 

Scratches glass 
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black 



TABLE XXVIII 
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STREAK \cllow Red or Brown 
COLOR bellow Red or Brown 
Shows no cleavage 
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The symbol * indicates an illustration. 

The symbol ^ indicates a three-color illustration in the section that follows 
page ^8. 


aa, 63 

Abrasion, 33 
ice, 516, 517 
stream, 420 
wind, 340 

Abrasive hardness, of rocks. 32 
i^hle of, 588 
Absorption, of rocks, 34 
table of, 578 

Abutments, of dams, 460 ff. 

Acidic rock, 42 
Actinolite, 606 

Additive metamorphism. 143 
Adjustment of traverse, 217, 218* 
Aerial photographs, 543 ff. 
orientation, 549 
scale, 548 

African glaciers, 540 
Age of rocks, 255 

radioactive method of determination, 
255 

Age of sea, 255 
Air drainage, 321 
Air masses, 335 
Air pressure, and winds, 322 
Alidades, 215, 216, 220, 221 
Alluvial fans, 428, 429 •, 547 
Alongshore currents, 495 
Alpine glaciers {see Mountain glaciers) 
Amethyst, 609 
Amphiboles, 20 
weathering of, 84 
Amygdaloid, 65 
Andalusite, 588, 594, 600 
Angular unconformity, 101 •, 192 
Anorthosite, 58 


Anticline, 171, 174 •, 309 
Anticyclone, 337 

Apatite, 602, 603, 605, 606, 608, 609, 
"10 

Appalachia, 268 
Appalachian geosyncline, 268 
Appalachian revolution, 269 
Apparent dip, 312*, 313 
Aragonite, 590 
Archaeopteryx, 284 
Archaeozoic era, 257 
Argillaceous rocks, 138 
Arkose, 135 
Arsenopyrite, 582 
Artesian water, 368, 369 • 

Arthropods, 278, 279* 

Ashlar, 29 
Assimilation, 47 
Assonifient, of regolith, 89 ff. 
Atchaldaya river, diversion, 441 
Atterberg limits, 118, 119 
Augite. 12, 21, 593, 599, 606, 610, 613, 
616 

Avalanche, 401 
Axial plane, 173, 174 * 

Azurite, 617 

Barchanes, 343, 344 * 

Bar Harbor, Me., 498 
Barite, 16, 590, 601 
Barometer 213 ff. 

Barometer-compass traverse, 219 
Barrier beach, 500 
Bars. 501, 557 
Basalt, 43, 587 
Base exchange, 113 



622 

Base level* 435 
Basic rock, 43 
Batholith, 44. 45 • 

Bauxite, 593 
Beaches. 499 500. 561 

Beach ridges. 561 * 

Bedding. 92 
Berms, 481 • 

Beryl. 592. 609 

Biotite. 20. 596. 601. 608. 611 

Bornite. 586 

Boulder clay. 519 

Brachiopod, 278. 279 • 

Braided stream,* 

Breakwaters. 510 
Breccia. 134. 135. 461 
Brecciation, 187 
Bridal Veil Falls. 536 
Bryoroa. 279 • 

Buffalo. N. Y.. wave action. 488 


Calcareous tufa. 142 
Calcite, 10. 21. 590. 593, 596. 602 
Caliche. 141 
Cambrian period, 257 
Canadian shield. 28 
Cancrinite. 16, 587, 599, 603 
Carbonaceous sediments. 145, 146 
Carbonate rocks, 139 ff. 
Carboniferous period, 257 
Cascadia. 268 
Cascadian revolution, 272 
Cassiterite. 597, 603, 612. 613 
Cementation, of sediments. 129 
Cenozoic era, 257, 271 ff. 

Central vent eruptions. 61 
Chain and compass traverse, 219 
Chalcedony, 591, 597. 604 
Chalcocite, 585 
Chalcopyrite, 586 
Chalk. 1 19. 592 
Champlain clay, 532 
Charleston. S. C.. earthquake, 203 
Chemical weathering, 82 ff. 

Chert. 144 •, 145 
Chesapeake Bay, 503, 504 
Chezy formula. 421 
Chicago, 111., water supply. 369 
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Chinook, 328 
Chlorite. 607. 617 
Chromite. 610, 61 1 
Chrysotile. 15. 592 
Cinder cones. 48(f 
Cinnabar, 615 
Cirque, 536 •. 537. 545 • 

Classification, igneous rocks, 43 
metamorphic rocks, 1 59 
regolith, 71 

sedimentary rocks. 129 ff. 
soils. 74. 75. 76 

Clay. 74. 75. 106 ff.. 532, 535, 558, *>59 • 
consolidation, 1 13 ff. 
honeycomb structure, 122 • 
plasticity. 1 17 ff. 
remolding. 123, 124 
sensitivity. 121, 122 
shrinkage limit. 115 
swelling, 116 
Clay minerals. 106 ff. 

Claystone. 138. 139 
Cleavage, flow. 1 78 
fracture, 178 
mineral, 1 1, 12 
rock, 178 
Climate. 319 
Clouds. 312 

classification of. 331. 332, 333 
definition of types. 331. 332, 333 
Coastal zone. 481 

Coast protection {see Shore protec- 
tion) 

Coast Range Batholith. 45. 46 
Coefficient of permeability, 97. 356 
Coelentcrata. 278, 279 • 

Cohesionless soils. 95 ff.. 400 
Collapse. 394. 407 
Color of minerals, 10 
Columbia Plateau, lavas, 60 
Columnar structure, 64 •, 65 
Compaction. 394, 407 
Compaction shales. 464, 465 
Completion of maps, 303 ff. 

Compound shoreline, 507 
Compressive strength, of rock. 31 
table of, 586 

Conglomerate. 132, 134.461 
Connate water, 348 
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Consequent stream^ 442 
Consolidation, of argillaceous rocks, 
199 

of clay, 113 If. 

Construction material, location of, 
243. 515 

Contact metamorphism, 151 
Continental shelf, 480 *, 481 
Continental slope, 480 •, 481 
Contour maps, 544 
Copper, 615 
Coquina, 141 

Cordilleran geosyncline, 268 
Cordilleran ice center, 273 •, 539 
Correlation. 262 ff. 

Corrosion, 418 

Corundum. 588. 592, 595. 598. 600, 
604 

^onlomb's equation, 401 
Creep. 394, 396 •, 397. 563 
Crescent beach. 499 
Cretaceous period. 257 
Critical density. 103 
Cross bedding, 93 •, 94 •, 178. 180 
Cross lamination. 93 • 

Cross sections. 312 458 

Crossopterygian. 278 
Crushed rock. 30 
Crushing strength. 31 
Crystal form, 15 

Cudahy Park, Wis., shore erosion at, 
509 

Cuestas, 565 

Cumulative curve, 72 •, 73 
Currents, marine, 493 ff. 
alongshore. 495 
littoral, 495 
rip. 494 
tidal, 494 
Cyclones, 336 ff. 


Dams, 454, 455 

Dam sites, characteristics of, 460 ff. 

geological surveys for, 455 ff. 
Darcy's law, 96, 356 
Debris slides, 394, 398, 399 
Deeps, 480 

Degree-day, 321, 322, 323 • 
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Deltas. 433 •. 434 
Density flows, 471 •, 472 
Density, rock, 33, 34 
table of, 576 
Depth to bedrock. 467 
electrical determination, 235 ff. 
seismic, 246 ff. 

Des Moines, water spreading at, 380 • 

Devonian period, 257 

Dew and frost, 330, 331 

Dew point, 329 

Diabase. 43. 577 

Diagenesis, 129. 169 

Diamond. 8. 9 • 

Diastrophism. 167 
Dike 15 *.46, 170 
Dilitancy, 98 ff. 

Dimension stone. 29 
Dinosaurs. 280 *.281 
Diopside, 597, 616 
Diorite, 43. 58. 577 
Dip, 173 •,212, 213. 301 
determination from map, 299 •, 300, 
303 

Dip needle. 233, 234 
Disconformity. 191 •, 192 
Disintegration. 79 
Doldrums, 326 
Dolerite, 59 

Dolomi.e, 21. 142. 461, 462, 590, 593, 
59r. cm, 608 
Dolostor.'*. 133, 142 
Dousing, 383 
Drag. 188 

Drag fold. 176, 177 •, 178 
Drainage patterns, 443 
angular. 444 • 
dendritic, 443, 444 • 
radial, 444 • 
trellis, 444 •, 565 
Drainage texture, 441, 443, 558 
Draw down, of wells. 377, 378 
Drift (see Ghcial drift) 

Drill cores, 458, 459 • 

Drilling. 458, 459 •, 467 
methods of, 373 ff. 

Drowned coast, 503 
Drumlins, 521. 522 •, 523. 534, 535 
DuBoys formula. 419 
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Dunes. S45. S44 •. 550. 551 • 
fixation of. 544 
Durability of rocks, 55 
Dynamic metamorphism. 151, 155 ff. 


Earth flows. 594. 595 
rapid. 597 
solifluction. 595 
Earth movements, 595 ff 
classification of, 594 
prevention of. 409, 410 
remedial measures, 410 ff. 
Earthquakes, classification of. 194 
engineering aspects of. 202. 205. 204 
intensity scale, 200, 201 
tectonic quakes. 195 
volcanic quakes. 194 
waves. 197 ff. 

Echinoderms, 278, 279 * 

Effective temperature, 529, 550 • 

Effluent seepage. 554 
Elasticity, modulus, table. 576 
Electrical methods, 255 
applications of, 241 ff. 
equipotential, 255. 256 
resistivity. 256 ff. 

Ellipsoids of strain, 169, 170 * 

Emerged shoreline, 504. 505 
End moraine. 519, 520 •. 521. 554 
Edtvds unit 227 
Epicenter, earthquake. 196 
Epidote. 594, 599. 607 
Epeirogenic movements. 165 
Equipotential methods. 255. 256 
Era. 256 

Erie. Pa., hook. 501. * 

Erosion, present rate of. 274 
ice, 516 ff., 555. 547 
stream. 418 ff. 
wave. 487. 488 
wind^ 540. 542 • 

Escarpments, 188, 189 
Esker. 525 •. 524, 525. 555 
Esker delu. 525 •. 526, 555 
Esker system. 524, 556. 557. 558. 565 
Europe glaciers, 540 
Exploration, subsurface, {see Geophys- 
ical methods and drilling) 


Faults. 171, 182 ff.. 566, 567 • 
compressional. 185 
dip slip. 185 
evidences of. 186 ff. 
heave. 184 • • 

normal. 182, 185 * 
on maps. 510 
reverse, 185 
strike slip. 185 ^ 
tensional. 185 
throw. 184 • 
vertical, 185 

Fault line scarps, 189, 574 
Fault plane. 182 
Fault scarp, 189, 566. 567 
Feldspar, 12. 17. 18 
Felsite, 45 
Ferrers law, 525 
Fetch, of wind. 491 
and wave height. 492 
Field records. 217, 219. 222. 225 
Field work, 207 ff. 
instruments in, 209 ff. 
methods of, 207 ff. 
preparation for, 208 
procedures. 216 ff. 

Finenli^ss modulus, 89 
Fissility, 180 
Fissure eruptions. 60 • 

Flexural strength, rock, 52 
table of. 577 
Flint. 145 

Flocculation, of clays. 121, 122 
FIcxmI control, 446 ff. 
diversion. 450 
dredging. 447, 148 
fuse plugs. 447 
jetties. 448 
levees. 447 
reservoirs, 450 
training walls. 451 
Flood plains. 429. 450 •. 451 • 
Floridil Ship Canal. 561 
Flow cleavage, 1 75 
Flow slides. 599 
Flow structure. 48, 167, 168 
Fluorite. 602, 608 
Focus, of earthquake. 196 
Foehn, 528 
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Fog. 331 

Folds. 171, 172 •. 174*. 175 *, 565 
drag. 176. 177 • 
identification of. 176 
principal parts of, 1^4 • 
shear fold, 176 * 
shown on maps, 270. 271,4r 
Foliation. 155. 156 
Forceful injection. 46 
Foreshore, 481 
Formation. 256. 292 
Ft. Peck Dam. 455 
Fossils. 261 
Precambrian. 267 
Foundations, 513. 564 
clay, 123 ff. 
dams. 460 ff. 

soil characteristics, 71. 73 
Fracture, mineral, 1 3 
pAtwn, 566, 577. following page 
568 ★ 

rock. 178 ff. 

Fracture cleavage, 179 •, 180 
Fresh and salt ground water. 355 
Friant'Kern Canal. 2 
Frost, 383 ff. 

Frost action, 80. 383 ff. 

Frost heave, 384 
Fumaroles. 65. 66 

Cabbro, 43, 58, 59. 460 
Galena. 10. 15. 573. 585 
Gamma. 232 

Garnet. 15. 588, 591. 595. 597, 600, 604 
Gauss. 232 

Geological training, uses for the en- 
gineer. 2, 3 

Geologic interpretation of maps and 
photographs. 543 ff. 

Geologic maps. 287 ff. 
completion of. 303 ff. 
in engineering. 315 ff. 
interpretation of. 550 ff. 

Geologic sections. 312 ff.. 458 
Geologic time. 254 ff. 

divisions of. 257 
Geologists compass. 209 ff. 

Geophysical methods. 226 ff. 
electrical. 229 ff. 
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gravitational. 226 ff. 
magnetic, 229, 234 
seismic, 246 ft. 

Geysers. 66. 67 ♦. 68 • 

Glacial deposits, 518 ff. 

Glacial drift, 518, 523, 533, 534, 535 
Glacial erosion, 516 IF., 533, 537 • 

Glacial lake silt, and clay, 532 
Glacial marine silt, and clay, 531 
Glacial till, 519 
Glaciation, 513 ff. 

causes of. 458 
Glaciers, types, 514 ff. 

Gneiss, 161, 162, 366, 460 
Gold. 615 
Gouge, 182, 187 
Grain. 49 

Grand Canyon, 258, 259 • 

Granite, 43,51.459. 576 ff. 

C^raniti/ation, 155 
Granulation, 147 
Graphic granite, 56, 57 • 

Graphite, 8. 9 *. 583, 585, 589, 595 
Graptolites, 278 
Gravel, 75 

Gra\itational methods, 226 
instruments, 227 

engineering application of, 228, 229 
Gra)wack'‘, 132, 135 
Great Falls Dam Site, 462 *, 463 • 

Gree^' ille. Me., artesian water at, 370 
Grounu noraine, 521 *, 534, 553 
Ground abater, 347 ff , 559, 560 
discovery, 381, 382, 383 
movement of, 354, 355 ff. 
recharge, 379 
sources of, 347, 348 
table. 350 ff. 
vadose, 351 

yield of wells, 376, 377, 378 
Grouting, 458, 459, 462 *, 463 • 

Gmynes, 509 *,510 
Gully, 434, 435 • 

Gypsum. 55‘\ 602, 605, 61 1 


Hales Bar Dam. 461 
Halite. 7. 8 *.99, 611 
Hanging Valley. 536 
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Hardness, mineral, scale of. IS 
rock, abrasive hardness. S2» 577 
cable of. 578 
Hardway. 49 

Hawaiian Islands, ground water. 564 * 
Heat resistance, rocks. 55 
Helgoland. 480 

Hematite. 12. 14. 22. 610. 612. 615 
Herzberg formula. 555 
Histogram. 72 *. 75 

Hogbacks, 567. following page 568^ 
Hook. 500 
Hoover Dam. 475 

Hornblende. 12, 20. 594. 599. 606. 610. 
615. 616 

Homfels, 158. 159. 161 
Horse latitudes, 526 
Hotchkiss superdip, 255. 254 * 

Hot springs, 66 
Humidity. 528, 529 
Huronian period. 257 
Hurricane, 557, 558 * 

Hydraulic gradient, 97. 556 
Hydrologic cycle. 548. 549 • 
Hydrothermal alteration. 150 

Ice age. 271 if., 558 if. 

Ice lenses, in frost heave, 587, 588 * 

Ice sheeu, 514 
Idocrase, 605, 609 

Igneous rocks, classification of. 42, 45 
crystallization order in, 40 
defined, 25 
extrusive. 60 if. 
intrusive, 42 if. 

mechanics of intrusion. 46, 47 
modes of occurrence, 44. 45 •. 46 
primary structures of, 147, 148. 167, 
168 

structures. 48 ff . 
texture. 40, 41 
Illite. 107. 108 • 
llmenitt, 585, 612 
Influent seepage, 554 
Initial dip, 92, 166 
Intrusive rock types, 51 if. 

Ion exchange, in soils, 1 1 1 ff. 

capacity. 115 
Ionic radius. 7 
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Iron oxides. 22 
Isoanomaly lines. 252 
Isogains. 226 

Jasper. 145 

jetties, 509. 510 • 

joint systems. 181 

joints. 49. 50*. 171. 179 if.. 180 

Jurassic period, 257 

juvenile water. 548 

Kame, 526 •. 527. .528 •. 554. 555. 555 
Kame terrace, 528, 529 •, 550 •. 555 
556* 

Kansu. China, earthquake. 1%. 197 
Kaolinite. 22. 115. 592, 594. 595 
Karst topography. 560®, 561, 559 
560® 

Keewatin, 257 

Kennebec River, Me., terraces. 442 ® 
Kettle hole. 527 *, 528 • 

Keewatin ke center, 275 •, 559 
Keweenawan period, 257 
Killarney revolution. 257 
Kortes Dam, Wyo.. 2 
Knots, in gtanite. 55. 54 ® 

Kyaniie. 14. 587, 590. 596. 607, 608 

Laccolith. 45 •, 46 
L.abrador ice center, 273 ®. 539 
Lake Bridgeport. 7'ex., 174 
Lake Mead. Ariz.-Nev., 473 
Lake Overholser. Okla., 475 •, 477 
Lake Waco. Tex., 474 
Lamination, 95 ® 

Landslides. 394, 398 if., 196. 562 *. 563, 
564 

topography. 562 •, 563 •. 564 
Lapilli. 65 

Laramide revolution, 257, 271 
Lateral moraine, 514 558 

Laurentian revolution, 257 
Lava flows, 60 •, 61, 460, 570 •, ★ 

Leda day, 532 
Lepidplite, 589, 601. 608 
Limbs of fold, 171 
Lime Regis, England. 496 
Limestone. 151, 155, 159 ff. 
at dam sites, 461, 462 •, 463 ® 
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Limestone (font) 
properties of, 142, 576 if 
varieties of, 140, 141 
Limonite, 22, 612, 614 615 
Linear flow structure, vlB 
Lithograpl)ic limestone. 141 
Lithologic distribution patterns. 907 If 
Lit par lit injection, 55, 154 * 

Little Rock, Ark , syenite at. 58 

Littoral currents, 495 

Llanoria, 268 

IxKal winds, 927 

Loess, 944. 945 •. 552 •. 559 • 

Los Angeles Co., Calif . sluicing in. 469 
Silting in, 469 

louissille, Ky , ground water, recharge 
at, 980 

Luster, mineral, 14 

Madras, India, 495 
Magnetic held. 290 •. 232 • 

Magnetic methods 229 ft 
engineering applications of, 299 
Magnetic profiles. 292 
Magnetism, 15, 299 
Magnetite, 15. 299, 584 
Magnetometer, 294 
Malachite, 607 

Mammoth Cave, Ky , karst topography 
near, 960 • 

Manganite, 585 
Manning formula, 422 
Mantle rock, 71 
Map scales, 546, 548 
Maps, contour, 5 lb 
Maps, geologic, 287 ft 
areal, 289 ft. 
completion of, 909 ft 
in engineering, 915ft 
surflcial, 288, 289 * 
types, 287 ft 

Maps, water table. 559 •, 954 
Map symbols, 290 •, 299 • 

Marble. 158, 159, 160, 161, 576 ft 
Marcasite, 589, 585 
Mass properties of soil, 95 ft 
Meanders, 498. 499. 410, 557 • 
sweep, 499 •, 440, 441 
Meander cut offs, 441, 448 •, 557 • 


Mechanical analysis 72 • 73 
Mechanical weathering 79 
Mechanics, of faulting. 184 185 

folding 174 175 
intrusion. 46 

Medial moraine, 515 * 538 
Mercalh scale, eanlujuakc 200 
Mesozoic era, 257, 270 ft 
Metacrysts, 152, 153 • 157 
Metamorphism, 147 ft 
Metasomatism, 149. 150 
Meteoric water. 948 
Miami Valley, Ohio Hoods 146 
Micas, 12, 20 

biotite, 20, 596, 601, 608 hi 1 
muscovite, 20, 599, 601, 608 
weathering of, 84 
Migmatites, 28, 154 • 

Miiural. cleavage, 11 
color 10 
crystal form 15 
dehnition of 6 
fracture 13 
hardness. 11 

idcntiHcation, 9, 579 580 
ideniiBcation tables, 581 
luster 15 

physical properties. 10 
specific gravity, 16 
streak, 10 


str .nu’^e, 15 
Minera' bles, 579fF 
key to 579 
Minrrahzcrs, 42 
Mississippian period, 257 
Mississippi River, cat offs, 448 • 
sediment load. 424 
Missouri River, suspended load 425 


Moduhi’i of elasticity 577 
Modulus of rupture, 92 577 
Mohs scale, hardness. 14 
Mollusks. 278. 279 • 
MoKbdeniic 589, 585 589 595 
Montmorilluiiiie 107 109 • 
Monocline 171 
Mono Creek Dam, Calif . 475 


476 


Monsuuii, 

Moraines, end, 519. 520 *,521. 504 

ground, 521 *. 534, 553 



628 

Moraines (cont.) 
recessional, 520 
terminal, see End moraine 
Mosquito Mt., Me., 50 
Moulin, 527 

Mountain glaciers. 5H, 515 
Mount Etna, 61, 62 
Mount Waldo, Me , 54 • 

Muck. 126, 145, 146 
Mudcracks, 94, 95 •, 258 
Mudflows, 398, 563 • 

Muscovite, 20, 589, 601, 608 
Mylonite, 147 

Natural levees. 429. 430, 431 •, 557 
Nepheline, 16, 587 
Neutral shoreline, 505, 506 
Normal fault. 182, 183 •, 310 
Norris Dam, large drill cores, 459 • 
Notebooks, 222 

Obsidian, 43 

Oceanside, Calif., wave erosion, 489 • 
Off shore beach, 500 
Old Faithful geyser, 67 
Olivine, 14, 17,21,603, 609 
alteration of, 84 
Oolites, 140 
Opal. 591, 60^ 

Openings in rock, 350 
Orthogonals, wave, 490 • 

Ordovician period. 257 
Origin of the earth, 265 
Orogenic movements, 166 
Orthoclase, 18, 19, 83 
Orthogneiss, 168 
Ostracoderms, 278 
Ouachita geosyncline, 268 
Outcrop patterns and topography, 
301 •. 302 •, 303 •, 304, 305 •. 
308*, 309*. 310* 

Outwash plain, 529, 530. 531, 534, 535, 
following page 508 * 

Oxbows, 438, 439 *, 4 10, 441, 557 • 

Pace and compass traverse, 217 ff. 
Packing of spheres, 98, 99 • 

Pahoehoe, 63 

Paleogeogra|)hic maps, 261, 262 * 
Paleoioic era, 257, 268 ff* 
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Particle shapes. 98 
Passamaquoddy Bay, Me., 495 
Patagonia, piedmont glaciers, 540 
Patrician ice center, 539 
Peat, 126, 145 • 

Pegmatite, 43, 55, 56, 57 • 

Pemaquid, Me., pegmatites at, 56 * 
Pennsylvanian period, 257 
Perc^ Rock, Quebec, 498 • 

Percolation velocity, 356 

Peridotite, 43, 59 

Period, geologic, 256 

Permafrost. 390, 391 

Permeability of rocks. 34, 35, 96 ff., 

350 ff. 

variation of, 356 
Permian period, 257 
Phcnocrysts, 49 • 

Phyllite, 160, 446 

Physical properties, minerals. 7 ff. 

rocks, 9 ff., 30 ff., 576 ff. 

of soils, 359 
Piedmont glaciers. 516 
Pie/omctric head, 401 
Pisolites, HO 
Pitch, of fold, 174 • 

Pithecanthropus rrectus, 284 • 

Pitted outwash, 530 •.SSI, 544, 545 
Plagioclasc, feldspar, 18, 19, 83, 587. 

594. 600 

Planar flow structure, 48, 49 • 

Plane table ti averse, 220 ff. 

Planetary winds, 325 ft. 

Plastic deformation, 147 
Plastic limit, 118 
Plasticity, 117 ff. 

Plastic outflows, 394, 405 
Pleistocene epoch, 257, 539, 540 
Plunge of fold. 173, 174 • 
Pneumatolytic alteration, 150 
Point Loma, Calif., 489 
Pore water pressure, 402 
Porifei5a. 278, 279 • 

Porosity, 34, 351, 352, 578 
Porphyritic texture, 49 • 

Precambrian, 266 
Primates, 284 
Proteroroic era, 257, 267 
Psilomelane. 584, 612 
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Pyrite, 16 
Pyrolusite, 585 
Pyroxenes. 12 •, 21. 84 
Pyrrhotite, 235, 586 

Quartz. 10. J3. 19. 591. 597. 604 
Quartzite, 136, 158 ff.. 366. 460. 576. 
577. 578 

Quaternary period, 257 
Quicksand. 105 

Quinnipiac Valley, Conn, kame ter- 
races, 556 • 

Rain, convectional, 332. 334 
cyclonic, 335 
monsoonal, 334 
orogenic, 334 

Reaction series (Bowen), 40 
Recharge of ground water, 379, 380 
Recrystallization, 148 ff. 

of sediments, 130 
Reelfoot Lake, Tcnn., 408 
Refraction, seismic, 246 ff. 

Regional metamorphism, 151 
Regolith, 88 ff. 
classiBcation of. 89 
properties of, 88 ff. 

Rejuvenation of streams, 441, 442 
Reservoirs, 467 ff. 

silt problem in. 469 ff. 

Residual boulders. 55 * 

Resistivity methods, 235 ff. 

Reverse fault, 183 •, 310 
Revetments, 506, 507 
Reykjavik, Iceland, 69 
Rift and grain, 49 
Rip currents, 494 
Ripple mark, 93 •, 94, 258 
Rivers (see Streams) 

River bars, 430 

Roches moutonn^es, 517, 518 •, 522 
Rock (see also Rocks) 
definition of, 5, 6 
Rock basins, 517 
Rock falls, 394, 405 
Rock flowage, 155 

Rock-making minerals, 17 ff., 394, 405, 
562* 

Rock slides. 394, 405, 562 • 
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Rocks, crushing strength, 30. 576 
distribution of major types. 28 
flexural strength, 32, 577 
igneous. 25 
metamorphic, 25 
migmatites, 28 

physical properties. 30 ff.. 576 ff. 
sedimentary, 25 
shearing strength, 32. 577 
toughness and abrasion resistance. 

32. 577, 578 
Rod soundings, 467 
Rubble, 29 

Rutile. 603, 607.611,612.613 

Saint Francis Dam. 465 
Saint John, New Brunswick, reversible 
water fall at. 494 

Saint Thuribc, Quebec, earth flow at, 
397. 398 • 

Samples, 224 
Sand, 74. 95 ff. 
concrete, 90 

Sand dunes, 343. 344 •. 550. 551 • 
Sandstone. 131. 132, 135 ff.. 461. 463 
properties of, 136, 137, 576 ff. 

Sap, 54 

Schist. 161. 366, 460 
Schlicrcn, 48, 53 
Scoria, 64, 462 
Scawuii. *^07 •, 508 
Sedime: i -ry rocks, defined. 25 
Sediments, consolidation of, 113, 129 
primary structures of, 1 66 
stratification of, 92, 166 
structural features of, 92 
/Seismic methods. 246 ff. 

Seismograms. 198 
Seismometers. 198, 199 • 

Semiprecious stones, 56 
Serpentine, 598, 605, 610 
Settlement, of clay, 101 •, 123 ff., 124 
Shale. 131. 132, 138 ff. 
cemented, t65 
compaction. 464, 465 
Shape of pebbles, 81 
Shear zones. 51, 181, 365 
Shearing resistance, soils, 400, 401 
Shearing strength, 32 
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Sheet structure, 50 • 

Shingle beach, 500 

Shinumo Quadrangle, Arir., 258, 259 * 
Ship Rock, N. Mex.. 568 
Shorelines, 479 ff. 
compound, 505 
deposits of, 497 ff. 
emerged, 504, 505 
erosional features of. 496 ff. 
neutral, 505 
submerged, 503 
Shore protection, 506 ff. 
bulkheads, 506, 507 
groynes, 508 ff. 
jetties, 508, 510 
revetments, 495 
seawalls. 506, 507 * 

Shore 2 one, 481 • 

Siderite. 596, 602,611,615 
Sill. 45 •. -i6 
Sillimanite, 588 
Silt, 75. 551, 532. 559 
Silt problem, 469 ff. 

Silt transportation, 470 
methods of control, 474 ff. 
in reservoirs, 470 ff, 

Silurian period, 2G 

Silver, 605 

Sink hole. 359, 560 • 

Slate, 160, 566, 460, 576 ff. 

Slickensides, 186, 187 • 

Slides, 594, 598, 599 
Slip-off slope, 431 
Shimgiillion mudflow, 563 * 

Slump, 598 ff. 

Sodalitc, 16, 581, 597. 606. 609 
Sod cracks, 563 
Soil, 73 ff. 

classification of. 73, 74 •, 77 •. 78 • 
cohesive, 106 ff. 
profile. 77. 78 • 
propi^rtics of, 92 ff. 

Solifluction, 394, 395 
Sorting, coefficient. 89 
Specific gravity (mineral), 16 
Sphalerite, 590, 596, 602, 61 1. 613 
Spit, 500 
Spcxlumene, 588 
Springs, 570 ff. 
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Stadia, 221 
Stalactites, 141 
Staurolite, 597, 604 
Stibniie, 585 
Stocks and bossea. 45 
Stoping, 47 
Storms. 335 ff. 
cyclones, 356 
hurricanes. 337, 338 • 
tornadoes, 557 
Strain. 169 ff. 

Strain ellipsoids. 169, 170 •. 180 
Stratification, 92. 166 
Stratified drift, 518, 525 ff., 535. 554 
Streak, mineral, 10 
Streams, 417 ff. 
base level. 435 
bedload. 424 

cycle of de\«*lopnu‘nt. 436 ff. 
deposits, 428 ff.. 555 
erosion. 418 ff. 
origin of, 434, 455 • 
paiu*rns, 443 ft. 
quality of water, 426 ff. 
subvecpicnt. 443 
suspended load, 425 
terr*5res, 442 *, 555, 5.57 
transport by, 422 ff. 
types, 442, 443 

vcdocily distribution in, 420 • 

Stream cycle, 436 ff. 
maturity, 438 ff. 
old age. 424 
rejuvenation, 441, 442 
youth, 437 

Strength properties of rocks, 30 ff. 

tables of, 576 ff. 

Striae, 517 • 

Strike, 172, 173 •,212, 297 
determination of, 298 •, 299 • 

Strike line, 297 

Structural contours, 295 •, 314 
Structural symbols, 293 •, 294 •, 295 
Structures, of igneous rocks, 48 ff-, 64 
of sediments, 92 ff. 

Siibniarinc canyons, 481 ^ 

Submarine ridge, effect on waves, 490 
Submerged shoreline, 503 ff. 
Subsidence, 394, 405, 407. 408 
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Subsurface exploration (see Drilling, 
geophysical methods) 

Subsurface water. 347 ff. 
cavernous rocks. 559 ff.. 559 • 
porous and permeable rork«, 351 ff. 
rocks with divisional openings, 364 ff 
soluble rocks. 359, ^60 • 
volcanic rocks, 362 ff. 

Sulfur, 593, 605, 615 
SurBcial map, 288. 289 • 

Sweep, 438 
Syenite, 43, 57, 450 
Symbols, age, 291. 292 
lithologic. 290 • 
structural, 293 * 

Syncline. 171. 172*. 309 

Talc. 589. 597, 607 
Temperature, 320 ff. 
tihxtive, 329. .330 • 
weathering effects of. 79 ff. 

Terminal moraine, 520 * 

Terraces. 555, 557 
Tertiary. 257 
Test pits, 467 

Texture, of drainage, 443, 558 
igneous rocks, 39 ft. 
pegmatitic, 40 
porphyritic. 40, 41 ♦. 49 * 

Thermal metainorphisin. 156 
Thickness of beds, 307 • 

Thousand Springs, Idaho, 362 • 
Thunderstorms, 339 
Tides, currents, 496 
rips. 496 

Till, 519 ff.. 534 . 544 
Till terrace, 538 
Tillamook Rock, Ore , 488 
Tillite. 134.541 
Titanite. 594, 599 
Tokyo, Japan, 203 
Tombolo. 504 * 

Tonalite, 58 
Topar, 588. 600 
Tornadoes, 337 
Torsion balance, 227, 228 
Toughness and abrasion resistance, 32 
tables of, 578 ff. 

Tourmaline, II, 591, 597. 604, 609, 617 


Transit. 216 
Trap rock, 63, 271 
I ra verses, barometer compass, 219 
boundary trar iiig, 209 
chain and compass, 219 
cross srnufure. 210 
multiple outcrop, 210 
pace and compass, 217 
plane table, 220 ff. 

Travertine. 141 
1 rellis drainage, 4H *. 5G5 
ricmclite 587. 594 
1 riassic period. 270. 271 
luff, 62 
Fuff'Jtono. 132 

Turtle Mt , Frank, Alberta, 105, 106*. 

,'62 * 

Tyrannosaurus rex, 281 *, 282 

Unconformit\, 191 • 102 
historical intirprti ition of, 258, 259 
on maps, SI 1 
Undertow, 493 
Uniformits coefficient, 89 
Uses of rof k. 29 
U \allr\s, 533 

Vadosc water, 351 

Valley glaciers {see Mountain glaciers) 

Valley ol 10.000 Smokes. 05 

ValL> »rain, 518 

Var\cc' av, 543 

Veins, \6\ 

Vertical temperature gradient. 321 
Voids ratio, 95, 96 
Volcanic bombs, 63 
Volcanic eruptions, types of, 62 
prcxiucts of, 02 
Volcanic neck, 568 * 

Volcanic rock, structural features of, 

61 

use * of, 63 
water in. **62 ff 
Volcanoes, / 

distribution ol, 01 

Volume changes and ddorinaiion. 

100 II. 

V vallcvs. 437 
Wad. 585 
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Washington Monument, SI 
Wash plain, see Outwash plain 
Water finding, S81 ff. 

Water spreading, S80 * 

Water table. S50 ff., 468 • 
perched. S52 

Water table map^ S5S S54 
Water witching, S8S 
Wave action, at Buffalo, N. Y., 488 
at Tillamook Rock, Oreg., 488 
at Wick, Scotland. 487 
at Ymuiden, Netherlands, 487 
Wave base, 48S 
Wave cut bench. 496 
Wave cut cliff, 496 
Wave energy. 484 
Wave height and wind fetch. 492 
Wave refraction, 489, 495 
Wave velocity, 484, 486 
Waves, 482 ff. 
oscillatory, 482 ff. 
translatory, 48S, 485 
Weather elements, S20 ft. 
Weathering, 25 
chemical, 82 
mechanical, 79 
processes. 78 
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Well points, 87S * 
dewatering by, 87S • 

Wells, 372 ff. . 
bored, S7S 
chum nrilled, 075 
driven, S72 
dug, 372 

hydraulic rotary drilled. 9/4 
jetted, 374 • 

radius of influence of, 377 * 
spacing of, 377 
yield of. 375, 376 

Wenner-Gish>Rooney method, 237 
Wick, Scotland, 487 
Wind blown sand, grading of, 343 
Wind deposits. 342. 551 •, 552 • 
Wind erosion, 340, 342 
Wind work, 339 ff., 550 ff. 


Yellowstone National Park, 67 
Ymuiden, Netherlands, 487 
Yorkshire coast, 480 


Zircon, 604 

Zuni Dkm, N. Mex., 475 




